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PREFACE 


On  behalf  of  the  ACES  Technical  Program  Committee,  I 
welcome  you  to  "The  13th  Annual  Review  of  Progress  in 
Applied  Computational  Electromagnetics".  The  Symposium 
spans  the  five  day  period  from  Monday,  March  17  through 
Friday,  March  21,  1997,  and  takes  place  at  the  Naval 
Postgraduate  School  (NPS)  in  Monterey,  California.  The 
Symposium  is  sponsored  by  the  Applied  Computational 
Electromagnetics  Society,  NPS,  the  University  of  Illinois  at 
Urbana-Champaign,  and  the  UniversiU'  of  Kentucky. 

Monday,  March  17  and  Friday,  March  21  are  devoted  uniquely 
to  Short  Courses.  A  total  of  10  Short  Courses  will  be  offered. 
Technical  sessions  will  take  place  Tuesday,  March  18  through 
Thursday,  March  20,  with  an  Interactive  Session  and  Vendor 
Exhibits  scheduled  for  Tuesday  afternoon.  This  year's  Symposium  features  a  total  of  25  technical 
sessions  containing  well  over  220  presentations!  For  the  first  time,  the  ACES  Symposium  will 
feature  a  Student  Paper  Contest. 

The  organization  of  the  Symposium  would  not  have  been  possible  without  the  cooperation  of  my 
colleagues  Professor  Jianming  Jin,  who  edited  the  conference  proceedings,  and  Professor  Keith 
Whites,  who  organized  short  courses,  vendor  exhibits,  and  conference  advertising.  Dr.  Bob 
Bevensee  was  the  driving  force  behind  the  organization  of  the  Student  Paper  Contest.  I  would 
especially  like  to  thank  Professor  Richard  Adler  for  providing  access  to  the  NPS  facilities  and  his 
unending  dedication  to  the  annual  ACES  conferences.  Pat  Adler  and  Shirley  Dipert  assisted  in 
the  compilation  of  the  author  database  and  the  printing  of  the  proceedings.  Finally,  I  would  like 
to  thank  Professor  Mike  Jensen  and  Randy  Haupt  for  their  commitment  to  organizing  next  year's 
Symposium. 

Enjoy  the  13th  Annual  Review,  and  your  stay  in  Monterey. 


Eric  Michielssen 
Technical  Program  Chair 
1997  ACES  Conference 
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ACES  PRESroENT'S  STATEMENT 


Welcome  to  the  1 3th  Annual  Review  of  Progress  in  Apphed  Computational  Electromagnetics .  It  is  not  always 
easy  to  predict  the  weather  in  Monterey  in  March,  but  we  can  always  predict  that  the  ACES  Conference  will 
be  bright,  warm  (perhaps  heated  at  times),  and  responsive  to  your  needs.  This  year,  for  the  first  time,  we 
will  featme  a  student  paper  competition.  Technical  Program  Chairman,  Eric  Michielssen,  and  his  co- 
chairmen,  Jianming  Jin  and  Keith  W.  Whites,  deserve  our  congratulations  for  organizing  what  should  be 
another  outstanding  conference. 

We  hope  that  you  will  attend  one  or  more  of  our  collateral  events,  such  as  a  short  course,  and  our  awards 
banquet.  You  will  also  want  to  visit  some  of  the  sites  in  Monterey,  such  as  the  aquarium,  while  you  are  here. 

Remember  that,  as  a  society  of  volunteers  ACES  looks  to  you.  its  members,  for  support.  If  you  have  time 
and  spirit  to  give  to  ACES,  please  let  me  know.  We're  looking  for  you. 

Enjoy  the  13th  Annual  Review. 

Harold  A.  Sabbagh 
Sabbagh  Associates,  Inc. 

4635  Morningside  Drive 
Bloomington,  IN  47408 
(812)339-8273 
(812)339-8292  FAX 
email;  has@sabbagh.com 


ACES  1997  SHORT  COURSES 


MONDAY  MARCH  17 
0830-1630 

0830-1630 

0830-1630 

0830-1630 

MONDAY  MARCH  17 
0830-1200 

FRIDAY  MARCH  21 
0830-1630 

0830-1630 

0830-1630 

FRIDAY  MARCH  21 

0830-1200 

1300-1630 


FULL-DAY  COURSES 

"Finite  Elements  for  Electromagnetics,"  by  Dr.  John  Brauer  and 
Dr.  Zoltan  Cendes,  Ansoft  Corp. 

"Ray-Tracing  Techniques  for  the  Prediction  of  Propagation  Parameters 
in  Mobile  Communications.  Application  to  Microcells  and  Picocells." 

Prof.  Felipe  Catedra,  University  of  Cantabria,  Spain. 

"Transmission  Line  Matriz  (TLM)  Modeling  of  Electromagnetic  Fields  in 
Space  and  Time,”  Prof.  Wolfgang  J.R.  Hoefer,  University  of  Victoria, 
Canada. 

"Practical  EMI/EMC  Design  and  Modeling."  Prof.  Todd  Hubing,  University 
of  Missouri-RoUa. 

HALF-DAY  COURSES 

"Numerical  Optimization  in  Electromagnetics;  Genetic  Algorithms," 

Dr.  Randy  L.  Haupt,  United  States  Air  Force  Academy. 


FULL-DAY  COURSES 

"Finite  Difference  Time  Domain  Modeling  and  Applications," 

Prof.  Stephen  Gedney,  University  of  Kentucky  and  Dr.  James  Maloney, 
Georgia  Tech.  Research  Institute. 

"Introduction  to  RADAR  via  Physical  Wavelets,"  Dr.  Gerald  Kaiser, 

Prof,  of  Mathematical  Sciences  at  U-Mass-Lowell. 

"Mathematical  Software  for  Computational  Electromagnetics," 

Dr.  Jovan  Lebaric,  Naval  Postgraduate  School. 

HALF-DAY  COURSES 
"Radiation  Physics,"  Dr.  E.K.  Miller 

"Introduction  to  FEKO:  A  Hybrid  Method  of  Moments/Physical  Optics 
(MoM/PO)  Code,"  Dr.  F.J.C.  Meyer,  EM  Software  and  Systems,  South  Africa, 
and  Dr.  U.  Jakobus,  Univ.  of  Stuttgart,  Germany. 
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FINAL  AGENDA 

The  Thirteenth  Annual  Review  of  Progress  in  Applied  Computational  Electromagnetics 

NAVAL  POSTGRADUATE  SCHOOL 
17-21  MARCH  1997 

Eric  Michielssen,  Technical  Program  Chairman 
Jianming  Jin,  Conference  Co-Chair 
Keith  Whites,  Short  Course  and  Vendor  Chairman 
Robert  Bevensee,  Assistant  Conference  Co-Chair 
Richard  W.  Adler,  Conference  Facilitator 

MONDAY  MORNING  17  MARCH  1997 


0730-0820 

SHORT  COURSE  REGISTRATION 

Glasgow  103 

0830-1630 

SHORT  COURSE  (FULL-DAY) 

“Finite  Elements  for  Electromagnetics",  John  Brauer  &  Zoltan  Cendes,  Ansoft  Corp. 

Glasgow  102 

0830-1630 

“SHORT  COURSE  (FULL-DAY) 

“Ray-Tradng  Techniques  for  the  Prediction  of  Propagation  Parameters  in  Mobile  Communications, 
to  Applications  Microcetls  and  Picocells" ,  Felipe  Catedra,  University  of  Cantabria 

IngersoM  122 

0830-1630 

SHORT  COURSE  (FULL-DAY) 

Transmission  Line  Matrix  (TLM)  Modeling  of  Electromagnetic  Fields  in  Space  and  Time” 

Wolfgang  J.R.  Hoefer,  University  of  Victoria 

Engr.  Auditorium 

0830-1 630 

SHORT  COURSE  (FULL-DAY) 

“Practical  EMI/EMC  Design  and  Modeling",  Todd  Hubing,  University  of  Missouri- Rotia 

Spanagel  101 A 

0900-1200 

CONFERENCE  REGISTRATION 

Glasgow  103 

0830-1200 

SHORT  COURSE  (HALF-DAY) 

Glasgow  109 

“Numerical  Optimization  in  Electromagnetics:  Genetic  Algorithms",  Randy  L.  Haupt,  USAF  Academy 

1200-2000 

CONFERENCE  REGISTRATION 

Glasgow  103 

MONDAY  EVENING 

1900  PUBUCATIONS  DINNER 

TUESDAY  MORNING  18  MARCH  1997 
0700-0745  CONTINENTAL  BREAKFAST 

0745  WELCOME 


Eric  Michielssen 


SESSION  1 :  VISUALIZATION  (Parallel  with  Sessions  2, 3,  &  4) 

Chair  Janice  L.  Karty  (Organizer) 

0840  “Visualization:  A  Powerful  Tool  for  Understanding  Electromagnetics" 

0900  “Computational  Diagnostic  Techniques  for  Electromagnetic  Scattering 

Analytical  Imaging,  Near  Fields,  and  Surface  Currents" 

0920  “Interferometric  3D  Imaging" 

0940  “Modern  Graphics  Applications  for  Visualization  of  Electromagnetic  Radiation  and  Scattering" 
1000  BREAK 

1 020  “A  Versatile  Geometry  Tool  for  Computational  Electromagnetics  (CEM):  MrPatches" 

1040  "Visualisation  Issues  for  Time  Domain  Integral  Equation  Modelling” 

1100  “An  Antenna  T raining  Aid  Using  Electromagnetic  Visualisation” 

1120  The  Field  inspector:  A  Graphic  Field  Representation  System’ 

1 140  “A  Data  Compression  Techniques  for  Antenna  Pattern  Storage  and  Retrieval" 

1200  LUNCH 


Chef  Lee’s  Mandarin  House 

Glasgow  Courtyard 
Glasgow  102 
Glasgow  102 


K.W.  Horn.  N.A.  Talcott,  Jr., 
J.  Shaeffer 


C.L.  Yu,  R.  Kipp,  D.J.  Andersh, 
S.W.  Lee 


D.D.  Car  &  J  M.  Roedder 
S.J.  Dodson  &  S.P.  Walker 
A.  Nott  &  D.  Singh 
P.  Leuchtmann  &  A.  Witzig 
A.  Nott 
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TUESDAY  MORNING  18  MARCH  1997 

SESSION  2:  ADVANCED  TIME-DOMAIN  METHODS  (Parallel  with  Sessions  1 , 3,  &  4) 

Chair  Steve  Gedney  (Organizer) 

0840  “Solution  of  Boundary  Value  Problems  in  Time  Domain  Using  Multiresolution  Analysis” 
0900  “High  Resolution  Schemes  for  Maxwell  Equation  in  the  Time  Domain’ 

0920  “FDTD  M24  Dispersion  and  Stability  in  Three  Dimensions” 

0940  “Transparent  Absorbing  Boundary  (TAB):  Truncation  of  Computational  Domain  without 
Reflections” 

1000  BREAK 

1020  The  Design  of  Maxwellian  Smart  Skins” 

1040  “Numerical  Analysis  of  Periodic  Structures  Using  the  Split-Field  Update  Algorithm" 

1 1 00  “Modeling  Dispersive  Soil  for  FDTD  Computation  by  Fitting  Conductivity  Parameters" 

1120  “A  Hybrid  Analysis  Using  FDTD  and  FETD  for  Locally  Arbitrary  Shaped  Structures” 


Ingersoll  122 

L.P.B.  Katehi  &  J.  Harvey 
J.S.  Shang 

G.  Haussmann  &  M.  Piket-May 
J.  Peng  &  C.A.  Balanis 

R.W.  Ziolkovrski,  F.  Auzanneau 

P.H.  Harms,  J. A.  Roden, 

J.G.  Maloney,  M.P.  Kesler, 

E.J.  Kuster  &  S.D  Gedney 

C. M.  Rappaport  &  S.  Winton 

D.  Koh,  H.-B  Lee, 

B.  Houshmand,  &  T.  Iloh 


1140  “A  Simple  Method  for  Distributed  Parallel  Processing  with  a  Cartesian  Coordinate  System 
Based  Finite-Difference  Time-Domain  Code” 


E.A.  Baca,  J.T.  MacGillivray. 
D.  Dietz,  C.E.  Davis, 

S.A.  Blocher  &  C.E.  Davis 


1200  LUNCH 

SESSION  3:  MODEL  REDUCTION  METHODS  FOR  COMPUTATIONAL  ELECTROMAGNETICS 

Chair  Jin-Fa  Lee  (Organizer),  Co-Chair  Din-Kow  Sun 
(Parallel  with  Sessions  1, 2,  &  4) 

0840  “Computation  of  Transient  Electromagnetic  Wavefields  in  Inhomogeneous  Media  Using  a  Modified 
Lanczos  Algorithm” 

0900  “S-Parameters  of  Microwave  Resonators  Computed  by  Direct  Frequency  and  Modal 
Frequency  Finite  Element  Analysis” 

0920  “Reduced-Order  Modeling  of  Electromagnetic  Systems  with  Pade  via  Lanczos 
Approximations' 

0940  “Integrating  Data  Obtained  from  Electromagnetic  Field  Analysis  into  Circuit  Simulations" 


Engr  Auditorium 

R.F.  Remis, 

P.M.  van  den  Berg 

J.  Brauer  &  A.  Frenkel 

A.C.  Cangellaris  &  L.  Zhao 

W.T.  Beyene. 

J.E.  Schutl-Aine 


1000  BREAK 

1 020  “Application  of  AWE  Method  to  the  Spectral  Responses  of  3D  TVFEM  Modeling  of  Passive 
Microwave  Devices” 

1 040  “Solution  of  EM  Problems  Using  Reduced-order  Models  by  Complex  Frequency  Hopping" 

1100  Transient  Analysis  via  Electromagnetic  Fast-Sweep  Methods  and  Circuit  Models” 

SESSION  4:  COMPUTER  SIMULATION  OF  ANTENNAS 

Chair  Jim  Breakall,  Co-Chair  Boris  Tomasic 

(Parallel  with  Sessions  1,  2,  &  3) 

0840  "Application  of  Computational  Electromagnetics  to  Shipboard  HFDF  System  Simulat'on" 

0900  “Calculation  of  the  Near  Reids  of  a  Large  Complex  Antenna  Structure  and  Comparison 
with  In  Situ  Measurements" 

0920  Theoretical  Studies  on  the  Effect  of  Waveguide  Geometry  on  the  Radiating  Slof 

0940  “Computed  and  Measured  Radiation  Patterns  of  Antennas  with  Aerodynamic  Radomes” 
1000  BREAK 

1020  “SAF  Analysis  Codes  for  Computing  Shipboard  Antenna  Pattern  Performance,  Antenna 

Coupling,  and  RADHAZ" 

1040  “Far  Field  Patterns  of  Combined  TE/TM  Aperture  Distributions' 

1 1 00  “Calculation  of  Equivalent  Generator  Voltage  and  Generator  Internal  Impedance  for 
Cylindrical  Antennas  in  the  Receiving  Mode" 

1120  “Arrays  of  Sleeved  Monopoles  -  Computer  Codes' 


X.  Zhang,  J-F  Lee. 

R.  Dyczij-Edlinger 

M.A.  Kolbedhari,  R.  Achar, 
M.  Nakhla,  R.  Achar, 

M.  Srinivasan 

E.  Bracken  &  Z.  Cendes 

Ingersoll  361 


J.B.  Knorr 

C.  Selcher.  E.  Kennedy, 
E.  Kennedy.  P.  Elliot 

V.V.S.  Prakash, 

N.  Balakrishnan, 

S.  Christopher 

D. C.  Jenn  &  S.M.  Herzog 


B.J.  Cown  &  J.P.  Estrada 


R.A.  Spectate 
C.-C.  Su 


B.  Tomasic,  E.  Cohen, 
K,  Sivaprasad 
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Terrace  Room,  Herrmann  Hall 


TUESDAY  MORNING  18  MARCH  1997 
1 145  BOARD  OF  DIRECTORS  MEETING/LUNCHEON 

1200  LUNCH 

TUESDAY  AFTERNOON  18  MARCH  1997 

SESSION  5:  RADIATION  PHYSICS  (Parallel  with  Sessions  6, 7,  &  8) 

Chair  Ed  Miller  (Organizer).  Co-Chair  Bob  Bevensee 

1320  “An  Exploration  of  Radiation  Physics  in  Electromagnetics" 

1340  “Formulae  for  Total  Energy  and  Time-Average  Power  Radiated  from  Charge-Current 
Distributions” 

1400  “An  Overview  of  Antenna  Radiation  Basic  Principles” 

SESSION  6:  COMPUTATIONAL  METHODS  FOR  INVERSE  SCATTERING 

Chair  Bill  Weedon  (Organizer),  Co-Chair  Gregory  Newman 
(Parallel  with  Sessions  5, 7,  &  8) 

1320  “Application  of  Kaczmarz's  Method  to  Nonlinear  Inverse  Scattering” 

1340  “Statistical  Characteristics  of  Reflection  and  Scattering  of  Electromagnetic  Radar  Pulses 
by  Rough  Surface  and  Buried  Objects" 

1400  “Nondestructive  Materials  Measurement  of  Electrical  Parameters  with  Readily  Made 
Coaxial  Probes” 

1420  “A  Volume-Integral  Code  for  Electromagnetic  Nondestructive  Evaluation” 

SESSION  7:  WAVELETS  AND  FRACTALS  (Parallel  with  Sessions  5,  6,  &  8) 

Chair  Randy  Haupt,  Co-Chair  Doug  Werner  (Co-Organizers) 

1 320  “Application  of  Coifman  Wavelets  to  the  Solution  of  Integral  Equations” 

1 340  “Fast  Array  Factor  Calculations  for  Fractal  Arrays” 

1400  “NEC2  Modeling  of  Fractal-Element  Antennas  (FEA)” 

1420  “Genetic  Antenna  Optimization  with  Fractal  Chromosomes” 

SESSION  8:  FDTD  AND  FVTD I  (Parallel  with  Sessions  5,  6,  &  7) 

Chair  Melinda  Picket-May 

1 320  “An  FDTD/FVTD  2D-Algorithm  to  Solve  Maxwell’s  Equations  for  a  Thinly  Coated  Cylinder” 

1340  “Improved  Computational  Efficiency  by  Using  Sub-Regions  in  FDTD 
Simulations”  STUDENT  PAPER  CONTEST 


Glasgow  102 

E.K.  Miller 

R. M.  Bevensee 

W.P.  Wheless,  Jr.  &  L.T.  Wurtz 

Ingersoll  122 

W.H.  Weedon 

Y.  Miyazaki,  K.  Takahashi, 

S.  Knedlik 

T. R.  Holzheimer 
C.V.  Smith,  Jr. 

R.  Murphy,  H,A.  Sabbagh, 

A.  Chan,  &  E.H.  Sabbagh 

Engr  Auditorium 

M.  Toupikov  &  G.  Pan 
R.L.  Haupt  &  D.H.  Werner 

N.  Cohen 
N.  Cohen 

Ingersoll  361 

J.S.  Chen  &  K.S.  Yee 
E.A.  Jones  &  W.T.  Joines 


1400  “Finite  Difference  Time  Domain  Electromagnetic  Code  Validation  Using  an  Infrared  Measurement 
Technique” 

1420  “PML-FDTD  Simulation  for  Dispersive,  Inhomogeneous,  and  Conductive  Earth" 


1440  “Study  of  Absorbing  Boundary  Conditions  in  the  Context  of  the  Hybrid  Ray-FDTD  Moving 
Window  Solution” 

INTERACTIVE  TECHNICAL  SESSION  9 

1520-1740 

VENDOR  EXHIBITS 

1300-1800 

WINE  AND  CHEESE  BUFFET 

1630-1800 

SESSION  9A:  FDTD  AND  FVTD  II 

“A  Generalized  Finite-Volume  Time-Domain  Algorithm  for  a  Microwave  Heating  Problem  on 
Arbitrary  Irregular  Grids” 

“A  Parallel  FVTD  Maxwell  Solver  Using  3D  Unstmctured  Meshes” 


“Adapting  an  Algorithm  of  Computational  Fluid  Dynamics  for  Computational 
Electromagnetics" 

“Application  of  a  Finite-Volume  Time-Domain  Technique  to  Three-Dimensional  Objects" 
“Comparison  of  Equations  for  the  FDTD  Solution  in  Anisotropic  and  Dispersive  Media” 
“A  Near-Field  to  Near-Field  Transformation  for  Steady-State  FDTD” 


C.  Reuter  &  M.  Seifert, 

T.  Karle 

W.C.  Chew,  M.  Oristaglio, 

T.  Wang 

Y.  Pemper,  E.  Heyman, 

R.  Kastner,  R.W.  ziolkowski 

Ballroom,  Herrmann  Hall 
Ballroom,  Herrmann  Hall 
Ballroom,  Herrmann  Hall 

Ballroom,  Herrmann  Hall 

H.  Zhao  &  1.  Turner 

J. -P.  Cioni,  L.  Fezoui, 

L.  Anne  &  F.  Poupaud 

T.E.  Hodgetts  &  C.C.  Lytton 

F. G.  Harmon  &  A.J.  Terzuoli 

G. J.  Burke  &  D.J.  Steich 

K. A.  Lysiak  &  D.H.  Werner 


TUESDAY  AFTERNOON  18  MARCH  1997 


SESSION  9B:  INTEGRATED  CIRCUITS  AND  PHOTONICS 


Ballroom,  Herrmann  Hall 


“Transient  Simulation  of  Breakdown  Characteristics  of  a  Miniaturized  MOSFET  based  on 
a  Non-lsothermal  Non-Equilibrium  Transport  Model" 

“Numerical  Simulation  of  Electro-thermal  Characteristics  of  Semiconductor  Devices 
"Taking  Account  of  Chip  Self-heating  and  In-chip  Thermal  Interdependence" 

“Applications  of  Photonic  Band  Gap  Materials" 


SESSION  9C:  SIGNAL  PROCESSING  TECHNIQUES  FOR  CEM 


W.-C.  Choi,  H.  Kawashima, 

R.  Dang 

H.  Kawashima,  C.  Moglestue, 
M.  Schlechtweg  &  R.  Dang 

M.M.  Sigatas,  R.  Biswas, 

Q.  Li,  K.-M.  Ho,  C.M.  Souloulis, 
D.D.  Crouch 

Ballroom,  Herrmann  Hall 


“Investigating  the  Use  of  Model-Based  Parameter  Estimation  for  Electromagnetic- Data 
Phase  Recovery" 

“Real  Time  Adaptive  Forward  Error  Correction  Scheme" 

“A  Novel  Spatial  Modulation  Spread-Spectrum  Technique" 


“Time  Frequency  and  Time  Scale  Analysis  for  Electromagnetics  Spectrograms,  Wavelets 
and  More" 


E.K.  Miller 

S.  Veluswamy 

S.A.  Pradels,  N.  Marshall, 
N.  Aery,  O.R.  Baiocchi 

C  J.  McCormack 


SESSION  9D:  ANTENNA  APPUCATIONS 


Ballroom,  Herrmann  Hall 


“Antenna  Array  Factors  for  Dipole  Antennas  Above  an  Imperfectly  Conducting  Half-Space* 

“Energy  Transfer  from  Free  Space  Transient  Waveforms  Through  HF  Antennas  to 
Arbitrary  Loads" 

“A  12  Beam  Cylindrical  Array  Antenna  for  AMPS  and  PCS  Applications" 

“A  Hybrid-Method  Synthesis  of  a  Radiometric  Antenna  for  Near-Field  Sensing” 

“An  Evaluation  of  Software  Packages  Based  on  Moment  Methods  for  TV  Antenna  Design” 


J.W.  Williams 
M.J.  Packer 

G.A.  Martek  &  J.T.  Elson 
E.Di  Giampaolo  &  F.  Bardati 

I. F.  Anitzine,  C.  Jaureguibeifa, 

J. A.  Romo 


SESSION  9E:  SCATTERING  AND  DIFFRACTION 

“Algorithm  for  Prediction  of  Scattering  from  Thin  Cylindrical  Conductors  Using  Field 
Decomposition" 

“Numerically  Exact  Algorithm  for  the  H  and  E-Wave  Scattering  from  a  Resistive  Flat-Strip 
Periodic  Grating" 

SESSION  9F:  NUMERICAL  METHODS 

“Numerical  Convergence  and  Richardson  Extrapolation" 

“Powerful  Recursive  Algorithm  for  the  Exhaustive  Resolution  of  a  Nonlinear  Eigenvalue 
Problem" 

"A  Dense  Out-of-Core  Solver  for  Workstation  Environments" 

“Mathematical  Representation  of  Multiport  Resonator  Test  Data" 

SESSION  9G:  SIMULATION 

“A  Comparison  of  Analytical  and  Numerical  Solutions  for  Induction  in  a  Sphere  with 
Equatorially  Varying  Conductivity  by  Low-Frequency  Uniform  Magnetic  Fields  of 
Arbitrary  Orientation” 

“Modeling  of  Laminated  Cores  by  Homogeneous  Anisotropic  Cores  for  Magnetics 
Simulation” 

“Barring  Characteristic  of  an  Ion  Shutter” 

Stability  Analysis  of  Re-Entrant  Multi-Turn  Toroidal/Helical  Electron  Orbits  in 
Strong-Focusing  Alternating-Gradient  Magnetic  Fields" 

TUESDAY  EVENING  18  MARCH  1997 

1830  NO  HOST  BAR 

1930  AWARDS  BANQUET 


Ballroom,  Herrmann  Hall 

P.K.  Bishop,  J.R.  James, 

R.T.  Biggs 

T.  Zinenko,  A.I.  Noslch, 
Y.Okuno,  &  A.  Matsushima 

Ballroom,  Herrmann  Hall 

R.C.  Booton,  Jr. 

Ph.  Riondet,  D.  Bajon, 

H.  Baud  rand 

C.E.  Lee  &  R.M.  Zazworsky 
R.A.  Speciale 
Ballroom,  Herrmann  Hall 
T.W.  Dawson  &  M.A.  Stuchly 

J. E.  Kiwitt,  A.  Dietermann, 

K.  Reiss 

B.M.  Cramer  &  D.A.  Mlynski 
R.A.  Speciale 


Ballroom,  Herrmann  Hall 
Ballroom,  Herrmann  Hall 
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WEDNESDAY  MORNING  19  MARCH  1997 
0700-0745  CONTINENTAL  BREAKFAST 

0730  ACES  BUSINESS  MEETING  President  Hal  Sabbagh 

SESSION  10:  RNITE  ELEMENT  ANALYSIS  (Parallel  with  Sessions  11. 12,  &  13) 

Chair  John  Brauer  (Organizer),  Co-Chair  Zoltan  Cendes 

0840  “Finite-Element  and  Method-01-Moments  Analyses  of  an 

Ultra-wide  Bandwidth  TEM  Horn” 

0900  “A  Modified  Mei  Method  for  Solving  Scattering  Problems  with  the  Finite  Element  Method” 

0920  "Investigation  of  the  Limitations  of  Perfectly-Matched  Absorber  Boundaries  in  Antenna 
Applications” 

0940  “The  Spectral  Lanczos  Decomposition  Method  for  Solving  Axisymmetric  Low-Frequency 
Electromagnetic  Diffusion  by  the  Finite-Element  Method” 

1000  BREAK 

1 020  “Duality  Between  Finite  Elements  and  Hodge  Operator  in  Three  Dimensions” 

1 040  “A  Generalized  Method  for  Including  Two  Port  Networks  in  Microwave  Circuits  Using  the 
Finite  Element  Method" 

1100  “Projecting  Between  Complementary  Vector  Basis  Functions"  STUDENT  PAPER  CONTEST 

SESSION  1 1 :  ADVANCES  IN  TRANSMISSION  LINE  MATRIX  (TLM)  MODELING  I 

Chair  Wolfgang  Hoefer  (Organizer),  Co-Chair  Fred  German 
(Parallel  with  Sessions  10, 12,  &  13) 

0840  “Modelling  of  Ferrite  Tiles  as  Frequency  Dependent  Boundaries  in  Genera!  Time- 
Domain  TLM  Schemes" 

0900  “The  Use  of  Sources  for  TLM  Modeling  of  Complex  Materials” 

0920  “Electromagnetic  Fields  Generated  by  Current  T ransients  on  Protection  Structures  Using 
TLM  -  A  FD-TD  Comparison’ 

0940  “Towards  a  TLM  Description  of  an  Open-Boundary  Condition” 

1000  BREAK 

1 020  “A  Modified  3D-TLM  Variable  Node  for  the  Berenger's  Perfectly  Matched  Layer 
Implementation’ 

1 040  “Electromagnetic  Field  Computations  by  a  Generalized  Network  Formulation” 

1 100  “A  Comparative  Study  of  Dispersion  Errors  and  Performance  of  Absorbing  Boundary 
Conditions  in  SCN-TLM  and  FDTD” 

1120  “Analysis  of  Planar  Stmcture  on  General  Anisotropic  Material:  Unified  TLM  Modelin  Frequency- 
and  Time-Domain  and  Experimental  Verification" 

1 140  “A  Digital  Filter  Technique  for  Electromagnetic  Modelling  of  Thin  Composite  Layers  in  TLM” 

SESSION  12:  HYBRID  TECHNIQUES  FOR  LARGE  BODY  PROBLEMS 

Chair  Donald  Pfiug,  Co-Chair  Robert  Burkholder  (Co-Organizers) 

(Parallel  with  Sessions  10, 11,  &  13) 

0840  “Hybrid  MoM/SBR  Method  to  Compute  Scattering  from  a  Slot  Array  Antenna  in  a  Complex 
Geometi^ 

0900  “Use  of  Near-Field  Predictions  in  the  Hybrid  Approach’ 

0920  “A  Hybrid  Surface  Integral  Equation  and  Partial  Differential  Equation  Method” 

0940  “Improved  Hybrid  Finite  Element-Integral  Equation  Methods’ 

1000  BREAK 

1020  “A  Hybrid  Approach  for  Simulation  of  Log  Periodic  Antennas  on  an  Atrcraff 
1 040  “Duct  RCS  Computation  Using  a  Hybrid  Finite  Element  Integral  Equation  Approach’ 

1 1 00  “Validation  Studies  of  the  GEMACS  Computational  Electromagnetics  Code  Using 

Measurement  Data  from  the  Transformable  Scale  Aircraft-Like  Model  (TSAM)” 


Glasgow  Courtyard 

Glasgow  102 
Glasgow  102 

M.H.  Vogel 

Y.  Li  &  Z.  Cendes 
J.F.  DeFord 

M.  Zunoubi,  J.-M.  Jin, 

W.C.  Chew  &  D.  Kennedy 

A.  de  La  Bourdonnaye  &  S.  Lala 

E.  Yasan,  J.-F.  Yook, 

L.P.B.  Katehi 

J.  Scott  Savage 
A.F.  Peterson 

Ingersoll  122 

V.  Trenkic,  J.  Paul,.  I.  Argyri, 

C.  Christopoulos 

J.  Represa,  A.C.L.  Cabeceira, 

I.  Barba 

G.P,  Caixeta  &  J.P.  Pissolato 

D.  de  Cogan  &  Z.  Chen 

J. L.  Dubard  &  D.  Pompei 

L.B.  Felsen,  M.  Mongiardo, 

P.  Russer 

L.  De  Menezes,  C.  Eswarappa, 

W. J.R.  Hoefer 

K.  Wu,  Q.  Zhang,  &  J.  Huang 

J.A.  Cole,  J.F.  Dawson, 

S.J.  Porter 

Engr  Auditorium 

A. D.  Greenwood  &  J.  Jin 

J.L.  Karty,  J.M.  Putnam, 

J.M.  Roedder,  &  L  Yu 

J.  Putnam,  M.  Axe 
D.S.  Wang 

S.  Bindiganavale,  J.  Gong, 

Y.  Erdemli,  &  J.  Volakis 

B. E.  Gray  &  J.J.  Kim 

Y.C.  Ma,  R.  McClary, 

M.  Sancer,  &  G.  Antilla 

D.R.  PfIug  &  T.W,  Blocher 
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WEDNESDAY  MORNING  19  MARCH  1997 


SESSION  12:  HYBRID  TECHNIQUES  FOR  LARGE  BODY  PROBLEMS  (cont) 

1 120  “A  Combination  of  Current-  and  Ray-Based  Techniques  for  the  Efficient  Analysis  of 
Electrically  Large  Scattering  Problems" 

1140  “Field  Computation  for  Large  Dielectric  Bodies  by  the  PPP  Method” 

1200  LUNCH 

SESSION  13;  COMPOSITE  MATERIALS  (Parallel  with  Sessions  10,11,  &  12) 

Chair  Keith  Whites  (Organizer),  Co-Chair  Rodolfo  E.  Diaz 

0840  “Application  of  the  Analytic  Theory  of  Materials  to  the  Modeling  of  Composites  in 
Electromagnetic  Engineering" 

0900  "Scattering  from  Inhomogeneous  Chiral  Cylindrical  Composites  Using  Axial  Beltrami 
Fields  and  the  Fast  Mullipole  Method" 

0920  “Diaz-Rtzgerald  Time  Domain  Method  Applied  to  Electric  and  Magnetic  Debye  Material” 

0940  “Numerical  Multipole  Modelling  of  Bianisotropic  and  Complex  Composite  Materials” 

1000  BREAK 

1020  “Experimental  Confirmation  of  a  Numerical  Constitutive  Parameters  Extraction 

Methodology  for  Uniaxial  Bianisotropic  Chiral  Materials” 

1 040  “A  Fr^uency  Domain  Dispersion  and  Absorption  Model  for  Numerically  Extracting  the 

Constitutive  Parameters  of  an  Isotropic  Chiral  Slab  from  Measured  Reflection  and 
Transmission  Coefficients" 

WEDNESDAY  AFTERNOON  18  MARCH  1997 

SESSION  14:  NEC  AND  COMPUTER  CODES  FOR  COMPUTATIONAL  ELECTROMAGNETICS 

Chair  Pat  Foster,  Co-Chair  Richard  Adler 
(Parallel  with  Sessions  15, 16, 17  &  18) 

1320  “lONEC;  Mesh  Generation  and  Data  Entry  for  NEC" 

1340  “Experiments  virith  NEC3  and  NEC4  -  Simulation  of  Helicopter  HF  Antennas” 

1 400  “Building  Models  for  N  EC2  and  N  EC-BSC" 

1420  “Recent  Enhancements  to  ALDAS  V3.00” 

1440  “Simulation  of  Portable  UHF  Antennas  in  the  Presence  of  Certain  Dielectric  Structures 
Using  the  Numerical  Electromagnetics  Code” 

1500  BREAK 

1 520  “SCATTMAT ;  A  Mode  Matching  and  Generalized  Scattering  Matrix  Code  for  Personal 

Computers  in  a  Windows  Environment” 

1540  “Evaluation  of  Near  Field  Electromagnetic  Scattering  Codes  for  Airborne  Application” 

1 600  “FASANT :  Fast  Computer  Code  for  the  Analysis  of  Antennas  on  Board  Complex  Structures" 

1620  ‘FASPRO:  Fast  Computer  Tool  for  the  Analysis  of  Propagation  in  Personal  Communication 

Network” 

SESSION  15:  PML;  THEORETICAL  AND  NUMERICAL  IMPLEMENTATION  ISSUES 

Chair  Andreas  Cangellaris,  Co-Chair  Peter  Petropoulos  (Co-Organizers) 

(Parallel  with  Sessions  14, 16, 17  &  18) 

1 320  “On  the  Construction  and  Analysis  of  Absorbing  Layers  in  CEM" 

1 340  The  Application  of  PML  ABCs  in  High-Order  FD-TD  Schemes 

1400  “Efficient  Implementation  of  the  Uniaxial  PML  Absorbing  Media  for  the  Finite-Difference 
Time-Domain  Method” 

1420  “Generalization  of  PML  to  Cylindrical  Geometries” 

1440  “Complex  Coordinate  System  as  a  Generalized  Absorbing  Boundary  Condition* 

1500  BREAK 
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U.  Jakobus  &  F.M.  Landstorfer 

M. S.  Abrishamian, 

N. J.  McEwan, 

R.A.  Sadeghzadeh 

Glasgow  109 

R.E.  Diaz 

B.  Shanker,  E.  Michielssen, 
W.C.  Chew 

F.  De  Flaviis,  M.  Noro, 

R.  E.  Diaz,  &  N.G.  Alexopoulos 

L. R.  Amaut 

K.W.  Whites  &  C.Y.  Chung 

M.  Single,  I.P.  Theron 
J.H.  Cloete 

Glasgow  102 

S. P.  Walker 

S.J.  Kubina,  C.W.  Trueman, 

D.  Gaudine 

U.  Udvall 
P.R.  Foster 

R.J.  DeGroot,  A.A.  Efanov, 

E.  Krenz,  &  J.P.  Phillips 

A.  Liberal,  C.  del  Rio, 

R.  Gonzalo,  &  M.  Sorolla 

J.M.  Taylor,  Jr.,  &  A.J.  Terzuoli 

M.P.  Catedra,  J.  Perez, 

F. S.  de  Adana 

M.F.  Catedra  &  J.  Perez 

Ingersoll  122 

S.  Abarbanel  &  D.  Gottlieb 
P.G.  Petropoulos 

S.D.  Gedney 

J.  Maloney,  M.  Kesler,  G.  Smith 

W.C.  Chew,  J.M.  Jin, 

E.  Michielssen 


WEDNESDAY  AFTERNOON  18  MARCH  1997 


SESSION  15:  PML:  THEORETICAL  AND  NUMERICAL  IMPLEMENTATION  ISSUES  (cont) 

1520  “Using  PML  in  3D  FEM  Formulations  for  Electromagnetic  Field  Problems” 

1540  The  Design  of  Maxwellian  Absorbing  Materials  for  Numerical  Absorbing  Boundary 
Conditions” 

1600  “A  New  Artificial  Medium  Using  Unsplit  Anisotropic  PML  for  Mesh  Truncation  in  FDTD 
Analysis" 

1620  “On  the  Use  of  PML  ABC's  in  Spectral  Time-Domain  Simulations  of  Electromagnetic 
Scattering" 

1640  “FVTD  Schemes  Using  Conformal  Hybrid  Meshes  and  a  PML  Medium  Technique" 

1700  “PML  Study  of  FEM  Modeling  of  Antennas  and  Microwave  Circuits" 

SESSION  16:  FAST  SOLVERS  FOR  ELECTROMAGNETIC  SCATTERING  PROBLEMS 

Chair  Eric  Michielssen  (Organizer),  Co-Chair  Weng  Chew 
(Parallel  with  Sessions  14, 15. 17  &  18) 

1320  “Least  -Squares  Based  Far-Field  Expansion  in  the  Adaptive  Integral  Method  (AIM)” 

1340  “Scattering  of  Electromagnetic  Waves  in  Large-Scale  Rough  Surface  Problems  Based 
on  the  Sparse-Matrix  Canonical-Grid  Method” 

1400  “Planar  Structures  Analysis  with  the  Adaptive  Integral  Method  (AIM)"" 

1420  “Fast  Illinois  Solver  Code  (FISC)" 

1440  "A  Hybrid  Fast  Steepest  Descent  -  Multipole  Algorithm 
for  Analyzing  3-D  Scattering  from  Rough  Surfaces” 

1500  BREAK 

1 520  “Fast  Wavelet  Packet  Algorithm  for  the  CombinedField  Integral  Equation" 

1540  “Matrix  Assembly  in  MOM/FMM  Codes” 

1600  “A  Near-Resonance  Decoupling  Approach  (NRDA)  for  Scattering  Solution  of  Near 

Resonant  Structures” 


J.-F.  Lee,  R.  Dyczij-Edlinger, 
G. Peng 

R.W.  Ziolkowski 


Y.  Chen,  M.-s  Tong, 

M.  Kuzuoglu,  &  R.  Mittra 

B.  Yang,  D.  Gottlieb, 

J.S.  Hesthaven 

F.  Bonnet,  J.P.  Cioni 
L.  Fezoui  &  F.  Poupaud 

Y.  Botros,  J.  Gong, 

J.L.  Volakis 

Engr  Auditorium 


E.  Bleszynski,  M.  Bleszynski, 
T.  Jaroszewicz 

K.  Pak,  L.  Tsang,  C.H.  Chan, 
J.  Johnson,  &  Q.  Li 

S.S,  Bindiganavale, 

H.  Anastassiu,  &  J.  Volakis 

J.M.  Song,  C.C.  Lu, 

W.C.  Chew,  &  S.W.  Lee 

V.  Jandhyala,  E.  Michielssen, 

W. C  Chew 


W.  Golik,  G.  Welland, 

D. S.  Wang 

E.  Yip  &  Benjamin  Dembart 
C.C.  Lu  &  W.C.  Chew 


1620  “Solution  of  Maxwell  Equations  Using  Krylov  Subspace  from  Inverse  Powers  of 
Stiffness  Matrix” 


V.  Druskin,  L.  Knizhnerman, 
P.  Lee 


SESSION  17:  WAVE  PROPAGATION  (Parallel  with  Sessions  14, 15, 16,  &  18) 

Chair  Bill  Weedon 

1320  "Wave  Propagation  on  Two  Dimensional  Slow-Wave  Structures  with  Square  Lattice” 

1340  “Wave  Propagation  on  Two  Dimensional  Slow-Wave  Structures  with  Hexagonal  Lattice” 

1400  “Wave  Propagation  on  Two-Level  Twin-Stacked-Honeycomb  Structures” 

1 420  “Adiabatic  Modes  of  Curved  EM  Waveguides  of  Arbitrary  Cross  Section" 

1440  “Ground  Conductivity  Evaluation  Method  based  on  Measurements  of  Radio  Wave  Path  Loss" 
1500  BREAK 

1520  Two-Scale  Asymptotic  Description  of  Radar  Pulse  Propagation  in  Lossy  Subsurface 
Medium”  STUDENT  PAPER  CONTEST 

SESSION  18:  EMl/EMC  (Parallel  with  Sessions  14, 15, 16,  &  17) 

Chair  Todd  Hubing  (Organizer),  and  Co-Char  Jim  Drewniak 

1320  “Modeling  of  EMI  Emissions  from  Microstrip  Structures  with  Imperfect  Reference  Planes" 

1340  "Pre-Construction  Modeling  of  Open  Area  Test  Sites  (OATS)" 

1400  "Reducing  EMI  Through  Shielding  Enclosure  Perforations  Employing  Lossy 
Material:  FDTD  Modeling  and  Experiments” 

1420  “Statistical  Description  of  Cable  Current  Response  Inside  a  Leaky  Enclosure” 

1440  “Coupling  into  Non-Rectangular  Cavities:  Simulation  and  Experiments” 


Ingersoll  361 

R.A.  Speciale 
R.A,  Speciale 
R.A.  Speciale 

V.A.  Baranov  &  A.V.  Popov 

I.  P.  Zolotarev,  A.V.  Popov, 
V.P.  Romanuk 

V.A.  Vinogradov,  V.A.  Baranov 

A. V.  Popov 

Spanagel  117 

B.  Archambeault 
B.  Archambeault 

M.  Li,  S.  Radu,  J.  Nuebel, 

J. L.  Drewniak,  T.H.  Hubing, 
T.P.  VanDoren 

R.  Holland  &  R.  St.  John 

J.L.  Drewniak,  T.H.  Hubing, 
J.v.  Hagen,  D.  Lecointe, 

J.-L.  Lasserre  &  W.  Tabbara 
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WEDNESDAY  AFTERNOON  18  MARCH  1997 
SESSION  18:  EMt/EMC  (cont) 

1500  BREAK 

1 520  “A  Simple  Computational  Electromagnetic  Analysis  Example  of  Electromagnetic  Coupling  to  Pyro 

Circuits” 

1540  TRAK_RF  -  Simulation  of  Electromagnetic  Fields  and  Particle  Trajectories  in  High-power 
RF  Devices’ 

THURSDAY  MORNING  20  MARCH  1997 
0700-0745  CONTINENTAL  BREAKFAST 

SESSION  19:  CEM  ANALYSIS:  THE  APPROACH  OF  THE  FUTURE 

Chair  Kenneth  Siarkiewicz  (Organizer),  Co-Chair  Andrew  Drozd 
(Parallel  with  Sessions  20,  21,  &  22) 

0840  “Application  of  the  Research  and  Engineering  Framework  (REF)  to  Antenna  Design  at 
Rai^eon’ 

0900  “An  Algorithm  for  Solving  Coupled  Thermal  and  Electromagnetic  Problems” 

0920  "Computational  Electromagnetics'  Future  Database  Architecture” 

0940  "An  Expert  System  Tool  to  Aid  CEM  Model  Generation” 

1000  BREAK 

1 020  “Web-Based  High  Performance  Computational  Electromagnetics  Servers” 


Spanagel  117 


R,  Perez 

S.  Humphries.  Jr.  &  D.  Rees 


Glasgow  Courtyard 

Glasgow  102 


B.  Hantman,  J.  LaBelle, 

Y.  Chang,  &  R.  Abrams 

H.  Sabbagh,  L.W.  Woo,  X.Yang 

G.T.  Capraro  &  K.  Siarkiewicz 

A.  L.S.  Drozd,  T.W.  Biocher, 
K.R.  Siarkiewicz.  V.K.C.  Choo 


D.M.  Leskiw,  G.S.  IngersofI, 

T.J.  Vidoni,  G.C.  Fox,  K.  Dincer 


1040  “Graphical  User  Interface  for  Computational  Electromagnetic  Software” 

SESSION  20:  FDTD  APPLICATIONS  (Parallel  with  Sessions  19, 21,  &  22) 

Chair  John  H.  Beggs  (Organizer),  Co-Chair  Sydney  Biocher 

0840  “Implementation  of  a  Two  Dimensional  Plane  Wave  FDTD  Using  One  Dimensional  FDTD 
on  the  Lattice  Edges 

0900  “Numerical  Modeling  of  Light-Trapping  in  Solar  Cells” 

0920  “Numerical  Modeling  of  a  Clock  Distribution  Network  for  a  Superconducting 
Multichip  Module” 

0940  “Computational  Evaluation  of  an  Optical  Sensor  Using  the  Finite  Difference  TimeDomain 
Method" 

1000  BREAK 

1 020  "Applications  of  the  Hybrid  Dynamic-Static  Finite  Difference  Approach  on  3D-MMIC 

Stnjctures” 

1040  “Application  of  FD-TD  Methods  to  Planetary  and  Geological  Remote  Surface  Sensing’ 

1100  “Incorporation  of  Active  Devices  Using  Digital  Networks  in  FDTD  Method” 

1 1 20  “FDTD  Calculations  of  Energy  Absorption  in  an  Anatomically  Realistic  Model  of  the 
Human  Body” 

1200  LUNCH 

SESSION  21:  PLANAR  ANTENNAS  AND  CIRCUITS  (Parallel  with  Sessions  10, 20,  &  22) 

Chair  Guy  Vandenbosch  (Organizer),  Co-Chair  Niels  Fache 

0840  “Pt^ar  Antennas:  Overview  of  the  Modeling  Efforts  in  Europe’ 

0900  “Microstrip  Patch  Antenna  Research  Activities  at  the  Technical  University  of  Lisbon” 

0920  “A  Full-Wave  Electromagnetic  Simulation  Technology  for  the  Analysis  of  Planar  Circuits” 

0940  “Analysis  of  Meta!  Patches,  Strips  and  Corrugations  Inside  Cylindrical  Multilayer  Structures  by 
Using  GIDMULTc” 

1000  BREAK 

1 020  ‘A  Numerical  Algorithm  G1 DMULT  for  Computing  Green's  Function  of  Multilayer  Objects” 

1 040  “Fast  Moment  Method  Algorithm  for  Electromagnetic  Scattering  by  Finite  Strip  Array  on 

Dielectric  Slab” 


B.  Joseph,  A.  Paboojian, 
S.  Woolf,  &  E.  Cohen 

Ingersoll  102 


S.c.  Winton  &  C.M.  Rappaport 


T.  Marshall  &  M.  Piket-May 

P.  Vichot,  M.  Piket-May,  J.  Mix. 
2.  Schoenbom,  &  J.  Dunn 

R.R.  DeLyser 


S.  Lindenmeier,  P.  Russer 
W.  Heinrich 

J.E.  Baron,  G.L.  Tyler, 
R.A.  Simpson 

C.-N.  Kuo  &  T.  Itoh 

P.J  Dimbylow 


Engr.  Auditorium 

6.A.E.  Vandenbosch 
C.  Peixeiro 
N.  Fache 

Z.  Sipus,  P.-S.  Kildal, 

S.  Raffaelli 


P.-S.  Kildal,  M.  Johansson, 

Z.  Sipus 

B.  Popovski,  B.  Spasenovski, 
J.  Bartolic 
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THURSDAY  MORNING  20  MARCH  1997 


SESSION  21 :  PLANAR  ANTENNAS  AND  CIRCUITS  {Parallel  with  Sessions  20, 21,  &  23}  (cont) 

1100  “Optimization  of  Various  Printed  Antennas  Using  Genetic  Algorithm:  Applications  and 
Examples" 

1120  “Characterization  of  Asymmetric  Microsirip  Transmission  Lines  on  Multilayers  with  FR-4 
Composite  Overlay" 

SESSION  22;  SCATTERING  (Parallel  with  Sessions  19,  20,  &  21) 

Chair  Jianming  Jin,  Co-Chair  Atef  Elsherfaeni 

0840  "RCS  and  Antenna  Modeling  with  MOM  Using  Hybrid  Meshes" 

0900  “Application  of  Moment  Method  Solutions  to  RCS  Measurement  Error  Mitigation” 

0920  “Scattering  from  Arbitrarily  Shaped  Cylindrical  Objects  Characteristic  Modes" 

0940  “A  High  Order  Solver  for  Problems  of  Scattering  by  Heterogeneous  Bodies” 

1000  BREAK 

1 020  “Electromagnetic  Scattering  from  Eccentric  Cylinders  at  Oblique  Incidence" 

1 040  “Iterative  Technique  tor  Scattering  and  Propagation  Over  Arbitrary  Enwronments" 

1100  "A  New  Approach  for  Solving  Scattering  Problems  in  Stratified  Conductive  Media  in  Time 
Domain” 

1 120  “Effects  of  Multiple  Scattering  in  Photon  Correlation  Spectroscopy” 

1 140  “Fictitious  Domain  Method  for  Calculating  the  Radar  Cross  Section’ 

THURSDAY  AFTERNOON  20  MARCH  1997 

SESSION  23:  OPTIMIZATION  TECHNIQUES  FOR  ELECTROMAGNETICS 

Chair  John  Volakis  {Organizer),  Co-Chair  Eric  Michielssen 
(Parallel  with  Sessions  24  &  25) 

1320  “Optimisation  of  Wire  Antennas  Using  Genetic  Algorithms  and  Simulated  Annealing" 

1340  “Automated  Electromagnetic  Optimization  of  Microwave  Circuits” 

1400  “Design  Optimization  of  Patch  Antennas  Using  the  Sequential  Quadratic  Programming 
Method” 

1420  “A  Novel  Integration  of  Genetic  Algorithms  and  Method  of  Moments  (GA/MoM)  for  Antenna 
Design” 

1440  “The  Application  of  Novel  Genetic  Algorithms  to  Electromagnetic  Problems” 

1500  BREAK 

1 520  “Continuous  Parameter  vs.  Binary  Genetic  Algorithms” 

1 540  “Complex  Plane  Array  Pattern  Control  Using  a  Genetic  Algorithm” 

1 600  Design,  Analysis  and  Optimisation  of  Quadrifilar  Helix  Antennas  on  the  European  Met  Op 

Space  Craft 

SESSION  24;  ADVANCES  IN  TRANSMISSION  LINE  MATRIX  (TLM)  MODELING  II 

Chair  Wolfgang  J.R.  Hoefer  (Organizer),  Co-Chair  Peter  Russer 
(Parallel  with  Sessions  23  &  25) 

1 320  “Characteristics  of  the  Optimization  Problem  for  Analysis  of  Time  Series  Obtained  from 

TLM  or2D-FDTD  Homogeneous  Waveguide  Simulations” 

1 340  “Comparison  of  3D  TLM  Meshing  T echniques  for  Modeling  Microwave  Components" 

1400  “A  Comparison  of  Commercially  Available  T ransmission  Line  Modeling  (TLM)  and  Rnite 
Element  Metiiod  (FEM)  3-D  Field  Solvers” 

1420  “Validation  of  Transmission  Line  Matrix,  Finite- Integration  Technique,  and  Finite-Difference 
Time-Domain  Simulations  of  a  Multi-Segment  Dielectric  Resonator  Antenna” 

1440  “Microstrip  Antenna  Characterization  Using  TLM  and  Berengeris  Perfectly  Matched  Layers 
(PML)” 

1500  BREAK 


M.  Himdi  &  J.P.  Daniel 
M.  El-Shenawee  &  H.-Y.  Lee 
Glasgow  109 

J.  M.  Putnam  &  J.  D.  Kotutski 
J.  Stach 
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O.P.  Bruno  &  A.  Sei 

H. A.  Yousif  &  A.Z.  Elsherbeni 
O.M.  Conde  &  M.F.  Catedra 
M.  Weber  &  K.  Reiss 

V.I.  Ovod,  D.W.  Mackowski, 
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0.0  ABSTRACT 

Computer-based  visualization  has  grown  remarkably  in  capability  since  the  first  pen  and  carnage  plot¬ 
ters  made  an  appearance  in  the  early  1960s.  Scientific  visualization  has  come  to  be  an  accepted  and  ex¬ 
pected  accompaniment  for  analysis,  measurement  and  computation,  and  has  even  made  possible  new 
fields  of  research.  Indeed,  such  topics  as  fractals  and  chaos  theory  could  hardly  have  been  developed 
without  the  possibility  of  displaying  visual  images  of  what  their  abstract  mathematical  descriptions  ac¬ 
tually  represent.  Few  other  physics  and  engineering  disciplines  share  with  electromagnetics  (EM)  the 
combination  of  a  complex  mathematical  foundation  that  describes  physical  phenomena  that  are  for  Ae 
most  part  nonvisible.  Both  of  these  aspects  of  EM,  its  complex  mathematics  and  physical  non  visibili¬ 
ty,  make  computer-based  visualization  an  especially  powerful  and  useful  tool  for  a  variety  of  applica¬ 
tions. 

The  use  of  visualization  in  EM,  or  visual  electromagnetics  (VEM),  serves  at  least  two  distinct  applica¬ 
tions  purposes:  1)  to  display  a  problem’s  physic^  characteristics,  and  its  corresponding  numerical 
representation  or  model;  and  2)  to  display  EM  quantities  associated  with  that  model.  In  either  case,  the 
resulting  visual  display  provides  a  more  understandable  and  interpretable  way  for  the  user  to  access  die 
underlying  numerical  data,  vastly  increasing  the  “bandwidth”  of  that  interaction.  VEM  can  also  be  a 
great  value  in  the  development  of  computer  models  such  as  NEC,  FDTD  and  the  like.  Most  uses  of 
VEM  deal  with  2)  since  there  is  infinitely  more  variability  provided  by  responses  obtained  as  a  function 
of  frequency  or  time,  etc.  than  the  static  physical  model  on  which  such  responses  are  based. 
Nevertheless,  1)  is  of  comparable  importance,  since  unless  a  valid  problem  representation  begins  the 
process,  subsequent  responses  obtained  therefrom  will  hardly  be  useful.  VEM  can  ^sobe  invaluable 
in  code  development,  a  use  that  may  be  transparent  to  most  modelers,  but  which  is  also  illustrated 
below.  Examples  from  these  various  perspectives  are  included  here,  emphasizing  the  benefits  of  visu¬ 
alization  from  the  viewpoint  of  its  practical  utility  in  identifying  numeric^  errors  and  improving  physi¬ 
cal  understanding. 

1.0  INTRODUCTION 

“I  understand  what  an  equation  means  if  I  have  a  way  of  figuring  out  the  characteristics  of  its  solution 
without  actually  solving  it,”  is  attributed  to  P.  A.  M.  Dirac  (of  the  Dirac  delta  function).  Einstein  is  said 
to  have  visualized  the  effects  of  relativity  theory  before  he  actually  developed  the  mathematics  to  de¬ 
scribe  it.  Both  would  certainly  have  been  fascinated  with  what  computers  and  computer  visualization 
are  now  contributing  to  the  solution  process.  Computers  are  revolutionizing  how  we:  (1)  Aink  about, 
(2)  formulate,  (3)  solve,  and  (4)  interpret  problems  in  all  of  science  and  engineering.  This  is  esj^ially 
true  of  electromagnetics  because  of  its  abstract  mathematical  nature  and  the  general  “non  visibility”  of 
most  electromagnetic  phenomena  to  human  senses.  Graphics  is  not  new,  of  course,  but  the  computer 
is  providing  unprecedented  capabilities  to; 

Create  and  acquire  modeling  and  measurement  data; 

Manipulate,  process  and  transform  that  data; 

Present  and  (^splay  that  data  using  static  and  dynamic  formats. 

To  regard  the  computer  as  just  a  fast  calculating  machine  really  misses  the  point.  Just  as  Ae  internal 
combustion  engine  made  possible  faster  travel  over  land,  it  also  soon  led  to  the  new  dimension  of  con- 
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trolled  travel  through  the  air.  That  was  a  revolution  for  tr^sportation  no  more  profound  than  that  for 
the  intellect  made  possible  by  the  computer  and  computer  visualization.. 

However,  to  be  really  useful,  our  use  of  visual  electromagnetics  (VEM)  inust  not  become  so  pre^cu- 
pied  with  the  “pretty-picture”  novelty  of  being  able  to  produce  color  graphics  and  movies  that  we  fail  to 
productively  exploit  the  benefits  that  VEM  can  provide.  In  other  words,  the  medium  is  not  the  mes¬ 
sage,  and  while  color,  sound  and  motion  can  be  invaluable  in  discovering  hidden  facets  of  electromag¬ 
netic  physics,  their  inappropriate  use  might  obscure  important  phenornenaor  otherwise  mislead  the  ob¬ 
server  about  what  is  being  graphically  displayed.  The  goal  of  achieving  better  solutions  and  improved 
understanding  of  electromagnetic  physics  should  be  foremost  in  the  practice  of  VEM. 

2.0  USING  VEM  IN  CODE  DEVELOPMENT 

VEM  has  been  found  invaluable  over  the  years  in  the  development  of  NEC,  for  which  two  examples 
are  included  here,  both  of  which  deal  with  the  Sommerfeld  integrals  that  arise  when  modeling  objects 
located  near  a  planar  interface.  As  anyone  who  has  encountered  the  Sommerfeld  integrals  has  discov¬ 
ered,  their  numerical  evaluation  is  non-trivial,  even  when  supercomputers  ^e  available.  An  approach 
that  was  found  invaluable  in  the  early  stages  of  NEC  development  was  motivated  by  a  dawning 
nition  that  the  fields  these  integrals  describe  are  much  less  complex  than  the  mathematically  complicated 
integrals  that  describe  them  make  it  appear.  This  recognition  originated  from  developing  some  plots  of 
the  spatial  variation  of  the  Sommerfeld  fields,  an  example  of  which  is  shown  in  Fig.  1.  It  can  be  seen 
that  the  fields  vary  relatively  smoothly,  showing  not  only  the  field’s  spatial  simplicity  but  suggesting 
the  possibility  of  modeling  them  using  curve-fitting  techniques  This  was  done  initially  using  low-order 
polynomials  [Miller  et  al.  (1977)],  but  was  later  generalized  to  the  current  NEC  treatment  that  uses 
model-based  parameter  estimation  [Burke  et  al.  (1981)]. 


Figure  1.  A  typical  result  for  the  field  near  an  interface  [Burke  et  al.  (1 981)].  The  source  in  this  c^e  is  a  horizontal  electnc 
Hertzian  element  above  a  half  space  of  relative  dielectric  constant  equal  to  4  and  zero  conductivity  (left),  and  16  and  0,001 
mhos/m  (right).  Distance  R  =  (Vr^  +  (z  +  z’)^,  elevation  angle  ©=  tan‘^[(z  +  z’)/r].  with  observation  and  source  elevations  above 

the  interface  indicated  by  primed  and  unprimed  coordinates,  respectively,  and  rthe  radial  distance  between  them.  These  fields 
are  smooth  enough  to  be  accurately  approximated  by  simple  interpolation  functions,  thus  circumventing  the  need  to  compute 
Sommerfeld  integrals  when  filling  a  NEC  impedance  matrix.  The  surface  wave  that  exists  along  the  interface  for  the  zero- 
conductivity  case  is  seen  to  disappear  when  loss  is  introduced. 


Also  very  early  in  NEC  development,  we  decided  to  examine  the  impedance  matrices  generated  by  an 
electric-field,  integral-equation  (EFIE)  model  by  plotting  them  graphic^ly.  At  the  time,  computer 
graphics  was  in  its  infancy,  and  so  we  made  printouts  on  standard  15-inch- wide,  tractor-feed  paj^r 
whose  entries  were  the  numerical  values  of  the  matrix-coefficients  exponents  printed  in  a  regular  grid. 


Even  for  a  small  structure,  this  required  about  a  8  x  8  foot  square  of  paper,  which  was  displayed  by 
tacking  paper  from  floor  to  ceiling  and  several  strips  wide  along  a  wall.  Although  these  were  crude 
“plots,”  patterns  could  be  seen  but  little  resolution  was  discernible.  Many  years  later,  we  revisited  this 
exercise,  but  with  the  new  hardware  and  software  that  had  become  available,  much  better  results  were 
obtained,  examples  of  which  may  be  seen  in  Miller  (1995).  An  unanticipated  benefit  of  ma^ng  such 
plots  is  demonstrated  in  Fig.  2,  where  the  impedance  matrix  for  a  wire  near  an  interface  is  shown 
[Burke  ( 1 985)] .  A  problem  in  the  Soramerfeld-integral  evaluation  can  be  seen  as  a  noise-like  pattern  in 
part  of  this  matrix,  at  a  level  several  orders  of  magnitude  below  the  peak.  It  is  extremely  unlikely  that 
this  effect  would  have  been  discovered  had  a  visual  display  of  the  matrix  not  been  generated. 


Figure  2.  A  surface  plot  of  the  NEC 
impedance  matrix  for  a  wire  located  near  a 
half  space  [Burke  (1985)].  The  effect  of  a  nu¬ 
merical  problem  in  evaluating  the  Sommerfeld 
fields  causes  the  “noise” seen  in  part  of  the 
matrix. 

3.0  USING  VEM  FOR  CODE 
VALIDATION 

The  potential  uses  of  VEM  in  the  ac¬ 
tual  process  of  modeling  are  virtually 
unlimited.  Current  and  charge,  near 
and  far  fields,  shown  as  a  function  of 
time,  frequency,  angle  and  space, 
ag  and  in  contour,  surface,  density  and 
vector  plots  are  a  few  of  the  possibil¬ 
ities.  Two  quite  different  a{)plica- 
tions,  but  by  no  means  the  only 
ones,  are  for  validation  purposes  and 
displaying  the  physics  of  EM  fields 
in  different  ways  as  shown  here  and 
in  the  next  section. 

An  example  of  the  former  is  given  in 
Fig.  3,  where  a  comparison  is  made 
of  two  models  for  the  Poynting’s  vector  of  the  fields  propagating  in  a  waveguide  excited  by  a  plane 
wave  incidental  an  angle  of  30  deg  from  the  waveguide  axis  [Ling  et  al.  (1987)].  Although  a  numeri¬ 
cal  measure  of  their  difference  might  provide  a  more  quantitative  indication  of  the  ray  model’s  accuracy 
relative  to  a  rigorous  solution,  a  visual  comparison  like  this  can  highlight  limitations  the  approximate 
simplified  approach. 

4.0  USING  VEM  FOR  ILLUSTRATING  BASIC  PHYSICS 

An  example  of  using  VEM  to  illustrate  EM  physics  is  shown  in  Fig.  4,  where  far-field,  space-time  con¬ 
tour  plots  are  shown  for  a  Gaussian-pulse-  and  time-harmonically-excited,  center-fed  dipole  ^tenna 
[Miller et  al.  (1981)].  For  the  former,  the  field  contours  are  seen  to  be  centered  on  the  feed  point  (the 
outer  circle)  and  the  ends,  demonstrating  that  the  far-field  radiation  originates  from  these  two  points. 
Were  a  longer  time  window  to  be  used,  there  would  be  a  succession  of  nested  radiation  circles  centered 
on  the  ends  as  the  current-charge  pulses  propagation  back-and-forth  along  the  dipole.  The  tiine- 
harmoniccase,  by  contrast,  exhibits  no  clear-cut  source  of  radiation,  although  we  know  that  its  radia¬ 
tion  also  is  dominated  by  end  and,  depending  on  its  length,  center  contributions. 

Space-time  contour  plots  of  the  current  excited  by  a  Gaussian  voltage  source  at  the  center  of  a  straight 
dipole  and  a  conical  spiral,  both  1-m  in  length,  are  presented  in  Fig.  5  [Miller and  Landt  (1980)].  The 
dispersivity  caused  by  the  curvature  of  the  spiral  is  readily  apparent  when  compared  with  the  result  ob¬ 
tained  for  the  dipole.  A  “data  image”  representation  of  the  scattered  field  from  a  long,  metal  rod  is 
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shown  in  Fig.  6,  as  a  different  way  to  more  effectively  display  a  large  volume  of  scattering  data.  Such 
data  images  might  provide  an  alternative  to  range-profile  displays  as  a  way  to  visualize  a  target 


Figure  3.  Graphical  comparison  of  the  time-average  Poyntingis  vector  as  a  function  of  length  in  a  waveguide  as  obtained  from  a 
ray-optics  representation  (a)  and  a  rigorous  solution  (b)  [Ling  et  al.  (1987}].  A  visual  comparison  of  the  two  results  provides  a 
semi-quantitative  indication  of  how  valid  the  ray  approximation  is  for  a  guide  only  five  wavelengths  wide. 


Figure  4.  Far-field  space-time  contour  plots  for  a  Gaussian-pulse  excitation  (left)  and  for  time-harmonic  excitation  (nght)  of  a 
center-fed  dipole  [Miller  et  al.  (1981)].  For  pulse  excitation,  the  dipole  is  about  10  times  as  long  as  the  space  width  of 
Gaussian  pulse,  while  for  the  time-harmonic  case,  the  wire  is  10  wavelengths  long.  In  each  case,  the  time  delay  to  the  tar  field  is 
removed,  and  the  dipole  lengths  are  to  scale.  Itis  clear  in  the  pulse-excited  case  that  the  radiation  comes  form  the  center  and 
ends  of  fre  dipole  while  this  is  not  at  all  clear  for  the  time-harmonic  case. 


The  result  of  Fig.  7  was  developed  to  determine  whether  a  cuirent  wave  propagating  on  a  wire  grid  ex¬ 
hibits  any  directional  anisotropy  in  propagation  speed.  A  vertical,  wire  monocone,  located  at  the  gnd  s 
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center,  was  excited  with  a  Gaussian  voltage  pulse  and  the  combination  modeled  using  the  TWTD 
(Thin-Wire  Time  Domain)  code  [Miller et  al.  (198 1 )].  Contours  of  constant  values  of  peak  current 
times  radial  distance  (to  remove  the  spreading  effect)  are  plotted  at  successive  time  steps.  This  result 
indicates  that  that  the  propagation  speed  is  not  direction-dependent. 


Figure  5.  Space-time  contour  plots  of 
V  the  current  excited  by  a  Gaussian 
//  pulse  at  the  center  of  a  straight  wire 


pulse  at  the  center  of  a  straight  wire 
^  ®  conical  spiral  (bottom) 

</  ^  where  both  wires  have  the  same 

))lO))0  ^  *  )  length  (adapted  from  Miller  and  Landt 

-J^  (1980)].  The  pulse  propagating  on 
the  straight  wire  exhibits  relatively  little 


.'*5:^' •'  W^\V'.  <  // y  "0^'^vN  vO  ./ the  straigm  wire  exmoiis  reiaiiveiy  iime 
'0^/  — ’  '''/0//P  -  dispersion  compared  with  the  spiral, 

.  A'  yy  where  it  widens  and  decays  in  ampli- 
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tude  with  distance. 


In  Fig.  8  is  shown  the  time- 
average  Poynting’s  vector  for 
a  current  source  located  near  a 
penetrable  half  space.  Even 
though  quite  near  the  inter¬ 
face,  the  power  flow  close  to, 
and  on  either  side  of  it  are  in 
close  accord  with  Snell’s 
Law,  a  possibly  unexpected 
result. 


Figure  6.  A  frequency,  aspect-angle  contour  plot  (or 
“data  image”)  of  the  radar  cross  section  of  a  long,  metal 
rod  as  obtained  from  a  FDTD  computer  model 
(Trueman  et  al.  (1992),  Trueman  (1992)].  This  kind  of 
data  presentation  provides  an  “image” different  from  the 
usual  range-proflie  images,  yet  contains  all  the  avail¬ 
able  scattering  information  over  the  frequency  range 
covered  in  the  plot.  Such  plots  could  be  useful  in  devel¬ 
oping  quantitative  measures  for  a 
“similarity/dissimilarity”index  of  targets  for  which  a  radar 
is  intended  to  provide  a  discrimination  or  recognition 
capability. 


5.0  CONCLUDING  REMARKS 
It  should  be  self-evident  that  Visual 


ElectroMagnetics  (VEM)  represents  a  tool  essential  for  electromagnetics,  in  general,  and  for  computa¬ 
tional  electromagnetics,  in  particular.  The  amount  of  data  that  can  be  generated  by  present-day  models 
and  computers,  as  well  as  measurements,  to  say  nothing  of  future  expectations  in  this  regard,  can  be 
overwhelming.  Were  it  not  for  the  possibility  of  examining  such  data  visually,  as  opposed  to  tabular 
numerics,  it’s  likely  that  many  important  features  of  the  results  would  be  missed.  However,  it’s  impor¬ 
tant  to  emphasize  that  the  beguiling  attraction  of  simply  developing  eye-catching  visual  displays  must 
not  displace  the  greater  value  of  VEM  for  helping  to  v^date  CEM  models  and  their  results  while  also 


providing  access  to  the  physical  phenomena  being  displayed. 
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Figure  7.  Contours  of  constant  values  of  peak  current  times 
radial  distance  at  successive  time  steps  for  a  wire  grid  excited 
by  a  wire  monocone  antenna  at  the  gridls  center  [Miller  et  al. 
(1981 )].  These  results  indicate  that  a  short  distance  from  the 
source,  the  current  propagates  at  an  angle-independent 
speed. 
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Figure  8.  Time  average  Poyntingis-vector  plots  for  a  vertical, 
electric  Hertzian  dipole  located  0.0875  wavelengths  above  a 
halfspace  (vertical  arrow)  having  a  relative  dielectric  constant 
of  9  at  a  frequency  of  3  MHz  [Lytle  et  at.  (1976)].  Near  the  in¬ 
terface,  shown  by  Ore  horizontal  line,  the  vectors  refract  down¬ 
wards  toward  the  vertical  axis,  as  would  be  expected,  al¬ 
though  their  respective  angles  don’t  precisely  satisfy  Snelfe 
Law  which  is  rigorously  applicable  to  plane  waves  only. 
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ABSTRACT 

This  paper  presents  three  techniques  and  the  graphics  implementations  which  can  be  used  as 
diagnostic  aides  in  the  design  and  understanding  of  scattering  structures:  Imaging,  near  fields,  and  surface 
cui^ent  displays.  The  imaging  analysis  is  a  new  bistatic  k  space  approach  which  has  potential  for  much 
greater  information  than  standard  experimental  approaches.  The  near  field  and  current  analysis  are 
implementations  of  standard  theory  while  the  diagnostic  graphics  displays  are  implementations  exploiting 
recent  computer  engineering  work  station  graphics  libraries. 


INTRODUCTION 

The  goals  and  motivation  of  this  work  are  to  provide  insight  and  guidance  into  the  design  of 
scattering  structures.  Analytical/computer  codes  have  historically  been  conceived  only  to  provide 
predictions  of  experimentally  measured  quantities,  i.e.,  backscatter  RCS  versus  angle.  In  pnnciple,  an 
analytical  code  should  be  able  to  provide  a  much  greater  insight  into  the  scattering  process  if  we  just  ask 
the  proper  questions.  Our  inspiration  is  similar  to  efforts  in  computational  fluid  dynamics  where  we  are 
attempting  to  better  understand  the  interaction  of  an  EM  wave  with  a  structure,  the  nature  of  the  scattering 
process,  and  ultimately  better  design. 


BISTATIC  IMAGE  ANALYSIS  USING  k  SPACE  CONCEPTS 

The  experimental  development  of  microwave  images  has  been  a  powerful  tool  to  understand 
scattering  from  various  geometries.  Imaging  may  be  in  one  dimension,  i.e.,  down  range;  or  in  two 
dimensions,  i.e.,  down  and  cross  range.  This  capability  allows  one  to  understand  the  scattering  process  m 
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terms  of  specific  scattering  centers  and  mechanisms.  Image  development  has  been  mostly  experimental. 
While  one  could  apply  the  same  methods  to  predictive  scattering  algorithms,  the  computation  burden  has 
always  been  considered  to  great.  This  occurs  because,  experimentally,  down  range  information  is 
obtained  by  illuminating  the  target  over  a  bandwidth  of  frequencies  typically  numbering  16,  32,  64,  128 
or  even  512.  To  do  this  with  a  method  of  moments  analysis,  one  would  have  to  recompute  and  solve  the 
system  matrix  for  each  frequency.  This  computation  burden  is  so  great  that  the  swept  frequency  approach 
is  seldom  pursued  analytically. 

B.  A.  Cooper  developed  a  new  approach  that  requires  only  one  computation  of  induced  currents 
and  therefore  only  one  MOM  matrix  computation  for  down  range  images.  A  formal  bistatic  k  space 
image  theory  was  then  developed,  reference  1.  This  formulation  is  not  limited  by  the  small  angle  focus 
requirement.  Cross  range  images  are  computed  without  smearing.  The  bistatic  k  space  analytical  image 
technique  does  not  require  a  MOM  code  matrix  solution  for  each  frequency.  Only  one  current 
distribution  (matrix  computation)  is  computed  at  the  frequency  of  interest.  The  image  is  the  Fourier 
transform  of  the  k  space  bistatic  scattered  radiation  for  values  of  that  correspond  to  downrange  and 
cross  range.  The  natural  Fourier  transform  variables  are  wave  number  k  and  spatial  position  R.  If  we 
compute  a  bistatic  field  as  a  function  of  k®^'  =  (j^downrange^  j^cross  range^  Fourier  transform  of  the 

scattered  field  is  naturally  a  function  of  the  transformed  spatial  coordinates,  j^cioss  range^ 

The  computation  of  the  scattered  field  in  k  space  is  a  generalization  of  the  standard  bistatic  radiation 
integral.  The  difference  is  that  is  computed  in  term  of  k®*^'  for  down  and/or  down/cross  range  rather 
than  in  terms  of  the  usual  bistatic  angles  (6,4)).  Body  currents  are  computed  only  once  at  the  user 
specified  incident  angle  and  polarization. 

Bistatic  k  space  image  technique  features  are:  1)  Resolution  up  to  X/2  unlimited  by  the  usual 
experimental  frequency  and  angle  extent  bandwidth  concerns;  2)  Image  focus  /  smear  does  not  occur  due 
to  the  formulation  of  the  approach;  3)  Images  computed  at  the  frequency  and  angle  of  body  excitation. 
The  body  currents  are  computed  only  for  this  k'"‘^.  In  contrast  to  the  experimental  approach,  the  currents 
do  not  change  with  changes  in  the  bistatic  k®“'  vector  sweep;  4)  One,  two,  or  three  dimensional  images 
may  be  obtained.  The  limiting  feature  for  obtaining  3D  images  is  the  display  of  the  solution  since 
multidimensional  FFT  algorithms  are  available;  5)  The  scattering  body  is  imaged  in  a  bistatic  sense  from 
the  same  direction  as  the  excitation,  i.e.,  a  backscatter  image.  However,  a  more  general  bistatic  approach 
is  entirely  possible  since  the  center  of  k*“‘  is  not  required  to  be  the  negative  of  k’"‘';  and  6)  A  co  or  cross 
polarized  image  may  be  computed. 

This  list  shows  that  the  bistatic  analytical  approach  to  imaging  can  potentially  yield  substantially 
more  information  than  experimental  images.  The  bistatic  image  approach  can  be  applied  to  any 
predictive  algorithm  for  electromagnetic  scattering  or  antenna  radiation,  e.g.,  Physical  Optics  or  Method 
of  Moments. 

Briefly,  the  theory  for  this  analytical  imaging  technique  can  be  developed  as  follows.  A  current 
distribution  is  computed  for  a  given  angle  of  excitation  and  polarization.  A  scattered  field  is  computed 
using  the  far  field  radiation  integral  as  a  function  of  down  and  cross  range  bistatic  k  directions. 
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where  a  and  P  are  the  polarization  of  the  scattered  and  incident  field,  is  the  direction  of  the  incident 
excitation,  and  is  the  k  space  direction  for  the  scattered  field.  This  equation  is  the  usual  radiation 
integral  as  written  before  specifying  k*“‘  as  a  function  of  look  angle  (6,(})).  We  compute  E  as  a  function  of 
j^crossrange  downrange  k  is  centered  on  the  free  space  absolute  value  of  k'"^ 
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The  Fourier  transform  of  this  E  field,  computed  in  down  and  cross  range  k  space,  is  our  desired  image. 
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where  W  is  a  weight  function  and  the  square  magnitude  of  E  is  our  down/cross  range  image.  It  is  noted 
that  the  computational  cost  of  this  process  is  cheap  compared  to  the  effort  in  a  MOM  code  to  compute  J. 


NEAR  FIELDS  and  CURRENTS 

The  computation  of  near  fields  must  resort  back  to  the  fundamental  definition  for  fields  rather 
than  the  simpler  far  field  expression.  The  currents  J  are,  of  course,  computed  by  a  MOM  code  as  part  of 
the  solution.  The  near  fields  are  specified  in  terms  of  the  vector  and  scalar  potentials  in  terms  of  the 
current  distribution: 


£““'(?/  )  =  -jEvj  {/  -  (V,  •  J )(1  +  jkRXr,  -f,)l  («?)"}«  dS 
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where  the  integral  is  over  the  source  currents  and  g  is  the  Greens’ function. 

The  currents  J  and  fields  E  are  time  varying  vector  quantities.  We  may  choose  to  display  the  two 
time  quadrature  values,  the  real  and  im^inary  parts,  which  correspond  to  0  and  -90  degrees  phase,  or  to 
display  the  time  animation  of  these  vectors  as 


E(r,o)  t)  =  9?{E(r )}cos(<y  t)  -  3{E(F)}sin(ty  t) 
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by  letting  cot  vary  from  0  to  2n,  or  to  compute  a  time  average  root  mean  square 
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For  the  E  field  quantities,  we  can  display  the  scattered  field,  or  the  total  field  (sum  of  incident  plus 
scattered),  or  just  the  incident  field  (not  very  interesting). 


DIAGNOSTIC  GRAPfflCS  DISPLAYS 

Continued  development  of  very  fast  engineering  workstations  has  enabled  the  everyday  use  of 
graphics  to  visually  display  the  EM  vector  and  scalar  quantities  for  fields,  currents,  and  images.  Visual 
display  of  the  data  includes  color  coded  contour  maps  of  the  surface  current  magmtudes  and  the  total  and 
scattered  electric  field  magnitudes  for  both  RMS  averages  and  time  harmonic  animation.  The  current  and 
electric  field  vectors  can  be  overlaid  on  this  mapping  or  displayed  separately  to  show  field  orientation  and 
direction.  The  graphics  program  presently  is  capable  of  displaying  and  animating  up  to  50  planar  cuts  of  a 
100  X  100  field  point  matrix  either  simultaneously  or  individually.  In  addition,  the  program  can  display 
the  triangle  element  mesh  (up  to  10,000  elements)  which  contains  the  surface  current  information. 
FORTRAN  graphics  routines  have  been  developed  for  Silicon  Graphics  series  workstations. 


EXAMPLE 

The  techniques  described  herein  have  been  incorporated  into  the  MOM  code  of  reference  2  which 
was  used  for  the  3^  aircraft  like  geometry  shown  in  Figure  1 .  The  traditional  backscatter  computation  is 
shown  in  Figure  2  for  horizontal  and  vertical  polarization. 

Bistatic  k-space  images  for  the  scattering  centers  when  viewed  nose  on  is  shown  in  Figure  3  for 
both  polarization’s.  Scattering  centers  at  this  angle  are  the  engine  pods,  wing  roots,  and  leading  and 
trailing  edges. 

Surface  currents  for  nose  on  horizontal  polarization  illumination  is  shown  in  Figure  4.  The  high 
current  regions  are  the  sides  of  the  fuselage,  the  leading  edges  of  the  wing  and  horizontal  fin,  and  the 
wing  root  region. 

Near  total  electric  fields  about  the  target  is  shown  in  Figure  5  for  nose  on  horizontal  polarization 
illumination. 
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WHAT  WE  CAN  LEARN 


Imaging  yields  great  insight  into  the  scattering  mechanism  process,  i.e.,  specular  scattering,  end 
region  contribution,  leading  and  trailing  edge  diffraction,  traveling  wave,  creeping  wave,  edge  wave 
scattering,  etc.  This  new  technique  allows  us  to  utilize  imaging  with  computational  MOM  codes  with 
little  additional  computational  cost.  In  addition,  we  have  the  potential  to  do  three  dimensional  images, 
bistatic  imaging,  and  cross  polarized  imaging  (even  for  circular  polarization).  Resolutions  approaching 
Ul  are  possible.  In  fact,  early  efforts  used  resolutions  less  than  X/2  so  that  images  of  the  MOM  code 
basis  functions  were  observed.  Because  the  analytical  approach  is  different  from  the  swept  frequency 
experimental  approach,  we  have  seen  some  differences  in  images,  particularly  for  traveling  wave 
scattering  mechanisms  where  this  new  approach  shows  radiation  as  emanating  from  an  extended  region 
over  which  a  reflected  surface  wave  is  propagating. 

Current  display  diagnostics  allow  us  to  highlight  regions  of  high  and  low  current  flow  over  a 
body.  Low  current  regions  could  then  be  noted  for  possible  addition  of  secondary  structures  such  as 
vents,  doors,  or  avionics  sensors  such  that  they  would  have  minimum  impact  on  scattering.  In  addition, 
one  could  gauge  the  design  success  of  resistive  treatments  along  edges  and  at  tips  by  examining  residual 
current  levels  and  the  taper  function. 

Near  field  plots  have  potential  to  examine  the  over  all  influence  of  the  body  structure  on  the  field 
incident  on  secondary  structures  such  as  inlets  and  exhaust  cavities.  Since  the  main  body  influences  the 
field,  the  polarization  incident  on  secondary  stmcture  may  not  be  that  of  the  incident  free  space 
illumination. 

As  with  any  set  of  new  tools,  we  do  not  fully  know  the  potential  benefit  of  all  that  is  now  possible. 
Clearly,  images  are  of  great  value.  Current  and  field  knowledge  help  in  our  understanding  of  the 
scattering  mechanisms,  but  we  may  have  to  be  creative  in  how  we  use  these  diagnostics  to  exploit  their 
full  potential. 
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Figure  1  -  Three  wavelength  aircraft  geometry. 


Figure  2  -  Backscatter  RCS  plots  of  three  wavelength  aircraft  geometry,  horizontal 
and  vertical  polariztion,  0°  elevation. 
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Figure  3  -  Bistatic  images  of  three  wavelength  aircraft  geometry,  horizontal  and  vertical 
polarization,  0°  elevation.  0°  azimuth. 
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Figure  4  -  Surface  currents  on  three  wavelength  aircraft  geometry,  horizontal 
polarization,  0°  elevation,  0°  azimuth. 


Figure  5  -  Total  electric  field  about  three  wavelength  aircraft  geometry,  horizontal 
polarization,  0^  elevation,  OO  azimuth. 
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1.  Introduction 

Radar  cross  section  (RCS)  measurements  can  be  displayed  in  three  dimensions  (3D)  to  allow  more  faithful 
visualization  of  the  scattering  mechanisms  of  targets.  Additionally,  visualization  along  the  vertical  dimension  may  provide 
a  means  to  gate  out  undesired  effects  such  as  scattering  from  the  target  support  structure. 

RCS  data  is  most  commonly  acquired  using  Inverse  Synthetic  Aperture  Radar  (ISAR)  techniques.  ISAR 
measurements  require  finely  sampled  data  along  the  frequency  and  azimuth  axis  to  compute  the  down  range  and  cross  range 
location  of  scatterers.  Traditional  methods  of  computing  3D  images  extend  the  2D  ISAR  process  by  finely  sampling  along  a 
third  elevation  axis.  Such  measurements  yield  high  resolution  3D  RCS  images.  Unfortunately,  the  acquisition  time  and 
memory  required  to  collect  3D  ISAR  data  can  be  prohibitively  large.  This  is  especially  true  when  measuring  aircraft- sized 
targets.  For  example,  the  time  and  memory  required  to  collect  3D  ISAR  data  can  easily  exceed  by  50  times,  that  required 
for  2D  images. 

Ohio  State  University  (OSU)  has  demonstrated  a  novel  approach  to  3D  imaging  of  RCS  data  [1].  The  technique 
“interferometric”  imaging  provides  an  efficient  means  to  visualize  the  scattering  from  a  complex  target  in  3D.  Unlike  3D 
ISAR  measurements,  interferometric  imaging  requires  only  two  images  measured  at  slightly  different  elevation  angles.  By 
comparing  the  down  range  change  of  an  image  measured  at  a  different  elevation  angle,  the  vertical  location  of  each  scatterer 
can  be  computed.  TTiis  approach  is  analogous  to  the  way  the  brain  transforms  information  from  the  left  and  right  eye  to 
perceive  depth.  Information  about  the  displacement  or  binocular  disparity  of  the  eye  required  to  focus  on  objects  at 
differing  distances  is  processed  by  the  nerve  cells  in  the  visual  cortex  to  give  an  impression  of  distance  [2]. 

McDonnell  Douglas  Corporation  (MDC)  has  extended  OSU's  interferometric  imaging  technique  to  handle  more 
general  non-point  scattering  mechanisms.  By  processing  the  images  as  a  series  of  cross  range  slices,  we  are  able,  for 
example,  to  map  the  vertical  locations  of  leading  and  trailing  edge  scatterers. 

2.  Basic  Principle 

Changes  to  the  measurement  elevation  angle  will  result  in  only  changes  to  the  down  range  location  of  each 
scatterer  in  an  image.  Furthermore,  the  amount  of  this  down  range  displacement  is  a  function  of  the  vertical  height  of  the 
scatterer.  There  should  be  no  cross  range  displacement  between  elevation  angle  changes.  This  assumes  that  there  is  no 
multibounce  scattering  mechanism  present.  This  concept  is  illustrated  in  Figure  1. 


vertied  renge 
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height  of  each  scatterer  z,  can  be  computed  using  the  geometrically  derived  equanon: 


7j  =  Adr^  -  dr;*sin^(A9,i) 
sin(A0d) 


(Eq.  1) 


where  Adn  =  dij  -  drt  . 

The  expression  AG,,  is  equal  to  the  change  in  elevation  angle  between  measurements. 

3.  Registration  of  Scatterers  Between  Images 

The  most  difficult  part  of  interferometric  imaging  is  the  “registration”  or  ide^fication  of 
simplify  the  registration  of  the  two  images. 


Figure  2.  Displayed  are  6  of  256  Cross  Range  Slices  from  a  2D  Image 


The  first  step  in  registering  images  is  to  idendfy  the  scatterers  of  an  image.  ScatKrers  are  located  ‘’J  ^ 

assumes  that  the  scattering  mechanism  (i.e.  physical  optics,  traveling  wave,  etc...)  remains  the  same  for  both  ima.e  . 
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The  second  criteria  is  that  the  amplitude  remains  within  9  dB  of  each  other.  In  order  to  satisfy  this  last  criteria, 
only  small  changes  in  the  elevation  angle  between  the  images  should  be  used.  Figure  3  illustrates  the  registration  process 
by  comparing  slices  from  the  same  cross  range  location  of  two  images  measured  at  slightly  different  elevation  angles.  It  is 
clear  to  see  that  two  peaks  are  successfully  matched  to  each  other. 


Figure  3.  Cross  Range  Slices  from  1°  and  5°  Images 


Once  scatterers  have  been  correlated  between  images,  the  height  of  the  scatterer  can  be  computed  using  Eq.  1  and 
the  data  placed  into  a  3D  data  file.  There  are  numerous  other  registration  techniques  using  cross  correlation  functions  that 
also  merit  consideration. 

4.  Improved  Resolution 

By  examining  Eq.  1,  the  vertical  resolution  is  dependent  upon  the  down  range  resolution  by  a  factor  of  l/sinSei- 
Since  the  down  range  location  of  each  pixel  of  an  ISAR  image  is  derived  from  the  Fast  Fourier  Transform  (FFT)  of  the 
measured  RCS  data,  zero  padding  of  the  down  range  data  can  be  used  to  improve  vertical  resolution  [3].  Any  amount  of 
zero  padding  can  be  applied  but  I  have  chosen  sufficient  padding  to  yield  a  vertical  resolution  equivalent  to  the  down  range 
resolution. 

5.  Results 

Interferometric  imaging  has  been  successfully  demonstrated  on  ISAR  data  of  a  dart  shaped  target  measured  at 
MDC’s  Near  Field  Test  Facility.  The  measurement  setup  is  illustrated  in  Figure  4.  Two  broadside  images  of  the  dart  were 
measured  at  1°  and  5®  elevation  angles.  Broadside  images  were  specifically  chosen  to  highlight  the  interferometric 
imaging  technique’ s  ability  to  discriminate  scatterers  along  the  vertical  dimension. 
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Figure  4.  Measurement  Setup 


To  date,  we  have  been  able  to  display  the  3D  interferometric  image  using  projected  2D  images  along  the  three 
major  planes  (Figure  5).  An  overlay  is  superimposed  on  the  data  to  illustrate  how  well  interferometric  imaging  has  located 
scatterers  in  the  vertical  dimension.  Vertical  range  resolutions  on  the  order  of  down  range  resolutions  have  been 
successfully  achieved  with  the  use  of  zero  padding  interpolation. 


Figure  5.  Using  2D  Projected  Planes  to  Display  of  3D  Interferometric  Data 

While  successfully  displayed  using  projected  2D  planes,  a  3D  representation  of  the  interferometric  data  eliminates 
the  need  to  mentally  piece  together  the  data.  To  achieve  this  3D  representation,  we  have  used  the  commercially  available 
Spyglass™  software.  Unfortunately,  a  black  and  white  2D  print  out  of  this  file  shown  in  Figure  6  does  not  fully  illustrate 
the  added  dimensionality  provided  by  color  amplitude  coding.  Visualization  in  3D  is  also  enhanced  with  shading  and  the 
ability  to  view  the  data  from  a  variety  of  angles. 
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6.  Conclusion 

We  have  successfully  demonstrated  how  well  interferometric  imaging  produces  a  3D  rendering  of  the  RCS 
scattering  from  a  target  This  added  visualization  is  obtained  by  a  time  efficient  technique  requiring  virtually  no  additional 
measurements.  Further  improvements  can  be  achieved  by  using  a  third  matching  image  during  the  registration  process. 
This  reduces  the  effects  of  misregistration  of  scatterers  by  providing  additional  matching  criteria. 
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ABSTRACT 

As  modem  computer  and  graphics  technologies  continue  to  advance,  there  is  a  growing  demand  for 
effective  means  of  graphical  representation  of  electromagnetic  phenomena  and  their  associated  data 
visualization.  In  fact,  a  great  challenge  to  the  test  and  evaluation  (T&E)  community  of  radar-guided 
weapons  systems  is  how  to  describe  the  electromagnetic  scattering  characteristics  of  complex  test 
targets  and  their  associated  scattering  centers  with  graphical  visualization  in  a  total  system  testing 
environment.  This  includes  radar  scenarios  from  far-field  tracking  to  near-field  end-game  encounter. 

The  objective  of  this  paper  is  to  discuss  various  electromagnetic  visualization  tools  developed  in 
modem  RF  digital-simulation  models  to  characterize  and  simulate  the  radar-scattering  of  complex 
platforms  including  airborne  targets,  terrain  and  urban  sites.  The  techniques  used  in  the  visualization 
tools  include  three  dimensional  computer-aided  design  models,  ray  tracing  methods  and  terrain 
rendering.  EM  simulation  models  which  combine  high-frequency  techniques  and  these  visualization 
tools  provides  sophisticated,  user-friendly  engineering  tools  for  predicting  the  radar-signature  of  a 
complex  radar  target  on  a  modem  powerful  workstation.  The  tools  are  especially  useful  in  rad^- 
signature  diagnostics  study,  ambiguity  resolution  and  radar  scattering  "cause  and  effect"  analysis. 
Examples  will  be  given  to  illustrate  practical  applications  of  these  integrated  tools  in  radar-target 
characterization,  mission  planning,  and  wireless  communication. 

1.0  INTRODUCTION 

As  modem  computer  and  graphics  technologies  advance,  visualization  of  data  and  information 
becomes  a  vital  research  and  applications  frontier  shared  by  a  variety  of  science,  medical,  engineenng, 
business,  and  entertainment  fields.  In  fact,  a  great  challenge  to  the  test  and  evaluation  (T&E) 
community  of  radar-guided  weapons  systems  is  how  to  describe  the  electrornagnetic  (EM)  scattering 
characteristics  of  complex  test  targets  and  their  associated  surrounding  environment  with  graphical 
visualization  in  a  total  system  testing  environment.  The  test  scenarios  include  radar  applications  fr^ 
far-field  detection  and  tracking,  mid-course  guidance,  to  near-field  end-game  engagement.  The 
complexity  of  airborne  weapon  testing  thus  creates  a  great  demand  for  effective  means  of  graphic^ 
representation  of  electromagnetic  phenomena  and  their  associated  data  visualization  for  radiation  and 
scattering  problems. 

An  effective  way  to  present  the  high-frequency  EM  phenomena  is  via  computer  simulation  using 
computer-aided  design  (CAD)  graphics  packages  and  the  shooting  and  bounce  rays  (SBR)  method  [1] 
on  a  graphical  workstation.  This  approach  offers  T&E  engineers  an  excellent  ca.pability  to  interpret 
and  visualize  complex  EM  radiation  and  radar  scattering  on  a  computer-graphics  display.  For  example. 
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the  locations  of  radar  scattering  centers  of  a  complex  platform  can  be  easily  and  accurately  determined 
via  ray  tracing  and  radar  imagining  techniques.  Multiple  bounce  phenomena  and  mutual  shadow 
problems  often  encountered  in  electromagnetic  scattering  testing  of  complex  radar  targets  can  also  be 
easily  visualized  and  identified  by  graphical  ray  tracing.  This  paper  introduces  three  high-frequency 
electromagnetic  codes  and  their  associated  graphical  display  capabilities  as  promising  tools  for  radar- 
guided  weapons  systems  test  and  evaluation  applications. 

The  three  EM  packages  are  Xpatch,  a  far-field  radar  cross  section  (RCS)  code  [2],  Npatch,  a  near- 
field  RCS  code  [3]  and  Apatch,  an  antenna/platform  radiation  code  [4].  These  codes,  developed  by 
DEMACO,  Inc.,  employ  the  SBR  method  for  radiation  and  radar  scattering  analysis  of  airborne 
platforms  (such  as  aircraft  and  missiles)  and  surface  targets.  With  user-friendly,  graphical  user 
interfaces  (GUI)  and  visualization  software,  these  packages  provide  sophisticated  tools  for  effectively 
pinpointing  graphically  the  "cause  and  effect"  of  EM  scattering  in  many  diversified  practical  problems. 
The  following  sections  present  their  modeling  methodologies  for  EM  radiation  and  scattering  analysis 
and  simulation.  Examples  of  their  application  to  practical  problems  such  as  radar-target 
characterization,  airborne  weapon  engagement,  and  airborne  antennas  are  also  illustrated. 

2.0  EM  MODELING: 

In  radar-guided  weapon/target  engagements,  it  is  well  known  that  electromagnetic  scattering 
phenomena  play  a  critical  role  in  determining  the  radar  signature  (far-  and  near-field)  of  the  target 
encountered  and  the  fuzing  of  warhead  detonation.  In  a  typical  encounter  as  shown  in  Fig.  1,  the 
missile  passes  from  the  far-field  scattering  zone,  through  the  intermediate-zone  and  into  the  near-zone 
of  the  target.  Most  radar  scattering  predictors  assume  that  the  target  is  in  the  far-field  of  the  radar.  The 
far-field  assumption  is  that  the  wavefront  incident  at  the  target  has  uniform  magnitude  and  phase,  and 
the  scattered  wave  arrives  back  at  the  radar  antenna  from  a  single  direction,  as  seen  in  Figure  1.  In  the 
end-game  missile  encounters,  however,  the  missile  and  target  are  in  close  proximity  and  the 
transmitting  and  receiving  antennas  on  the  missile  are  generally  located  in  the  near-field  zone  of  the 
scattered  field  from  the  target.  An  EM  wavefront  of  nonuniform  magnitude  and  phase  dictates  the 
complete  scattering  phenomena  in  this  region.  So,  far-field  assumptions  lead  to  gross  errors  under 
near-field  conditions.  Additionally,  radar  return  computation  in  the  near-field  is  complicated  by  the 
partial  target  illumination,  nonuniform  antenna  patterns,  target  material  coatings,  and  engine  inlet 
returns.  Figure  1  illustrates  the  important  differences  between  near-field  and  far-field  missile/target 
encounter  situations.  This  is  why  a  near-field  capability  is  essential  for  end-game  applications. 
Consequently,  Npatch  was  recently  developed  to  handle  the  complex  near-field  RCS  prediction  of 
end-game  simulation  while  Xpatch,  developed  over  many  years  already,  is  primarily  used  for  far-field 
RCS  computation  for  missile  guidance  applications. 

As  discussed  earlier,  Xpatch,  Npatch  and  Apatch  employ  the  SBR  method  as  the  core  computational 
engine  for  EM  modeling.  SBR  provides  not  only  an  excellent  tool  for  EM  analysis  but  also  graphic 
visualization  via  ray  tracing.  SBR  uses  geometrical  optics  (GO)  ray  tracing  3-D  CAD  models  to 
implement  physical  optics  (PO)  [3]  and  is  suitable  for  missile/target  end-game  scenarios  which  include 
the  effects  of  the  missile  antenna  pattern,  multiple  reflections,  complex-shape  shadowing,  and  material 
coatings.  The  sophisticated  3-D  CAD  models  represent  realistic,  complex  radar  targets  required  for 
accurate  EM  modeling.  Target  CAD  models  are  typically  composed  of  10,000  -  200,000  facets 
(triangular  surfaces),  or  10,000  to  50,000  bi-cubic  patches,  depending  on  the  target  level  of  detail. 
Effective  SBR  techniques  require  a  fast  ray  tracer  to  track  the  10,000  -  10  million  rays  needed  to  fully 
interrogate  complex  geometries.  The  ray  tracer  currently  used  in  these  models  was  developed  by 
DEMACO,  Inc.  and  supports  CAD  models  described  in  facet  (ACAD),  bi-cubic  (IGES-114)  and 
NURB  (IGES-128)  formats. 
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Figure  1.  Definition  of  far-zone,  intennediate-zone,  and  near-zone  for  a  missile  encounter  with  a 
target. 

Since  the  EM  modeling  process  of  Xpatch  and  Apatch  models  have  been  well  documented  and  can 
be  found  in  Ref.  [1,2],  they  will  not  be  discussed  here.  Instead,  the  near-field  modeling  process  of  the 
Npatch  model  will  be  presented  to  illustrate  the  implementation  of  the  SBR  approach.  Figure  2  shows 
a  missile/target  engagement  scenario  where  a  missile  located  at  point  Rm  with  an  instantaneous 
velocity  Vm  is  engaging  its  target  located  at  point  Rt  with  velocity  vt-  The  missile  antenna  illuminates 
the  target,  which  scatters  energy  in  all  directions.  Some  of  that  energy  scatters  back  toward  the  missile 
and  is  partially  absorbed  by  the  antenna.  The  quantity  of  interest  is  die  near-field  RCS,  the  ratio  of  the 
received  power  to  the  transmitted  power  Pp/Pt  at  the  antenna  terminals  including  the  phase  shift,  as  a 
function  of  frequency. 

The  SBR  method  is  applied  to  compute  this  quantity  in  the  following  manner.  The  target  is 
illuminated  by  thousands  of  rays  weighted  by  the  radiation  pattern  A(9m,<i>m)  of  a  mounted  missile 
antenna  (located  at  Ra)  as  if  emanating  from  a  point  source  toward  the  target  (see  Fig.  2).  A  CAD  ray- 
tracer  is  then  used  to  determine  which  target  surfaces  are  lit  and  which  surfaces  are  shadowed.  The 
illuminating  rays  are  treated  as  ray  tubes,  which  cast  "footprints"  on  the  target  body.  Using  PO 
principles,  the  induced  surface  currents  over  the  domain  of  each  footprint  are  computed.  The 
computed  surface  currents,  which  depend  on  the  material  attribute  of  the  surface  at  each  ray  hit  point, 
then  re-radiate  EM  energy  in  all  directions.  Using  free-space  Green's  function,  one  computes  the 
scattered  energy  at  the  point  Ra  from  each  footprint.  Only  a  fraction  of  this  energy  will  be  absorbed  by 
the  missile  antenna  depending  on  the  direction  of  arrival.  Hence,  in  computing  Pr/Pt»  one  weights  the 
scattered  energy  at  Ra  by  the  receiving  cross-section  of  the  missile  antenna  at  the  arrival  angle. 

The  rays  which  illuminate  target  surfaces  are  specularly  reflected  from  their  hit  points.  The  ray  tracer 
continues  to  trace  these  rays  until  they  escape.  Some  will  escape  after  the  first  bounce,  and  they 
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produce  no  further  contributions  at  the  receiver.  This  process  produces  the  Ist-bounce  contribution. 
Others  will  become  multi-bounce  rays,  also  shown  in  Figure  2.  These  rays  continue  to  induce  further 
currents  on  the  target  surface,  which  are  then  radiated  back  to  the  missile  antenna  in  the  same  manner 
as  described  above.  As  a  result,  they  also  contribute  to  the  radar  received  power.  In  this  sense,  SBR  is 
a  multi-bounce  implementation  of  physical  optics  for  complex  target  interactions.  The  advantage  of 
this  approach  is  that  the  target  can  be  very  complicated  and  realistic  and  SBR  can  produce  much  more 
accurate  near-field  scattering  results  than  other  available  near-field  predictors. 


Ray  Illumination 
(Missile  Antenna 
Pattern-Weighted  Rays) 


Ray  Scatter 


Figure  2.  End-game  encounter:  Antenna  pattern-weighted  rays  are  launched  from  missile  and  scatter 
off  of  the  target,  leaving  surface  currents  that  radiate  b^ack  to  the  missile. 


3.0  SIMULATION  RESULTS: 

To  demonstrate  the  EM  analysis  and  visualization  display  capabilities  of  these  models,  the  following 
graphical  examples  of  RF  problems,  which  involve  a  variety  of  complex  3-D  targets,  are  depicted  in 
Fig.  3-6.  Case  1  illustrates  the  Xpatch  results  of  a  VFY  218  aircraft  model  for  RCS  study  as  a  function 
of  frequency  and  aspect  angle.  Case  1  also  presents  graphical  display  of  ray  hit  points  on  the  VFY  218 
model  for  multiple-interaction  scattering  effects.  Case  2  presents  the  Apatch  results  of  antenna  pattern 
analysis  on  a  P-3  aircraft  model  for  optimal  pattern  coverage  and  antenna  installation.  The  antenna  in 
this  case  is  a  blade  antenna  operating  in  UHF  frequency  band.  Case  3  involves  a  MIG-29  model  shown 
in  Figure  5  in  a  missile/target  end-game  encounter  simulation  predicted  by  the  Npatch.  In  this  case, 
Npatch  is  directed  to  trace  rays  up  to  50  bounces  for  multi-bounce  computation.  The  radar  frequency 
for  this  prediction  is  10  GHz,  and  the  antenna  pattern  is  a  14-element  array  whose  main  beam  points 
10°  forward  of  broadside.  The  aircraft  surfaces  are  assumed  to  be  perfectly  conducting. 

Finally,  Case  4  illustrates  four  color  frames  (as  seen  in  Fig.  6)  of  a  missile  end-game  encounter  against 
a  F-15  model  in  a  time-sequence  display.  These  frames  were  produced  by  Npatch  in  a  full-motion  3-D 
end-game  encounter  display.  This  full-motion  display  package  is  devoted  specifically  to  provide  visual 
simulation  of  the  encounter  scenario  for  missile  performance  assessment  and  diagnostic  analysis.  This 
tool  shows  the  time-stepped  end-game  encounter  in  3-D,  with  full  rendering  of  ttie  target  and  missile 
from  their  3-D  CAD  models.  A  unique  feature  is  the  target  surfaces  color-coding  according  to  the 
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strength  of  the  target  surface  scattering  contribution  back  toward  the  missile.  The  missile  is  displayed 
flying  past  the  target,  with  overlays  of  scattering  regions  sweeping  across  the  target. 


Figure  3.  Ray  hit  points  on  a  VFY  218  model  from  multi-bounce  contributions  and  a  2D  RCS  pattern 
display  as  a  function  of  aspect  angle  and  frequency. 
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Figure  4.  Displays  of  ray  picture  and  ray  hit  points  on  a  P-3  aircraft  model  for  a  wing-tip  mounted 
isotropic  antenna;  and  volumetric  antenna  patterns  and  range  coverage  patterns  of  a  blade  antenna 
mounted  on  top  of  the  fuselage. 
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MIG-29  Model  Radar  Response 
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Figure  5,  Significance  of  multi-bounce  in  MIG-29  model  scattering  return  predicted  by  Npatch. 


Figure  6.  Full-motion  3-D  encounter  hot-spots  display  of  a  F- 15  model  predicted  by  Npatch. 


Three  visualization  and  diagnostic  tools  for  test  and  evaluation  of  radar-guided  weapons  systems 
simulation  were  presented,  ifiese  software  tools  incorporated  a  computer-aided  desi^  (Ci^)  graphic 
package  and  the  shooting  and  bouncing  ray  (SBR)  approach  to  provide  both  graphical  visualization 
and  electromagnetic  radiation  and  scattering  computation  of  complex  platforms.  As  shown  from  the 


examples  presented,  the  SBR  method  provides  not  only  the  ray  paths  for  physical  insight  of  EM 
scattering  mechanisms  but  also  the  ray  hit  points  for  scattering  center  identification.  It  is  well-suited 
for  analyzing  multiple-reflection  phenomena  and  mutual  shadow  problems  encountered  in 
electromagnetic  scattering  on  complex  platforms.  The  graphical  representation  of  the  radar  target  and 
ray-paths  is  particularly  helpful  in  understanding  the  EM  scattering  phenomena  by  visually 
pinpointing  its  "cause  and  effect".  The  unique  visualization  capability  of  these  EM  models  is  presently 
adequate  and  significant  for  many  antenna  and  radar  problems.  Applications  of  this  capability  have 
also  been  extended  to  many  areas  such  as  mission  planning,  RF  chamber  design,  wireless 
communication,  etc.  which  will  be  discussed  in  the  coming  oral  presentation.  However,  further 
improvements  and  enhancements  are  needed  and  will  be  continued  in  order  to  meet  the  challenges 
imposed  by  the  test  and  evaluation  requirements  of  radar-guided  weapons  systems. 
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Abstract 

High  accuracy  in  radar  cross  section  (RCS)  simulations  increasingly  requires  that  CAD  descriptions 
incorporate  great  detail  and  fidelity.  MrPatches  is  an  enabling  tool  used  at  McDonneU  Douglas  Corporation  (MDQ  to 
achieve  rapid,  reliable,  first  time  quality  results  for  complex  CEM  problems.  This  paper  describes  the  key  elements  of 
the  architecture  of  the  code,  its  major  features,  the  geometry/CAD  protocols  it  supports,  us  platform  portability.  Md  its 
link  to  other  CEM  software  tools.  Finally,  specific  examples  drawn  from  various  applications  illustrate  the  versaulily  of 
this  code. 

L  Background 

By  way  of  introduction,  we  begin  with  a  brief  history  of  MrPatches.  The  idea  of  a  graphical  geometry  code  toected  at 
the  particular  needs  of  the  RF  engineer  originated  with  Mr.  Mike  Caddy  (Naval  Air  Warfare  Center  -  Weapon  Divi^on- 
Patuxent  River,  MD)  and  Mr.  Denny  Elking  (MDA).  In  1990  Mr.  Caddy  was  funding  a  Graphical  User  Interface  (GUI) 
for  the  CADDSCAT  RCS  analysis  code  [Ref.  1].  MrPatches  was  developed  with  MDC  funds  as  a  companion  code  to 
that  GUI  It  was  first  used  in  1991.  GEOMPACK  was  used  for  the  framework  of  MrPatches  since  it  was  the  geometry 
kernel  of  CADDSCAT  at  the  time.  GEOMPACK  had  an  IGES  processor,  a  ray  tracer,  routines  to  support  diffracung 
edge  analysis,  and  a  gap  space  curve  capability  [Ref.  1]. 

The  first  release  of  MrPatches  was  written  entirely  in  Silicon  Graphics  GL  including  the  user  interface.  However,  the 
use  of  GL  made  portability  of  the  code  to  other  systems  difficult.  With  the  advent  of  HP  workstations  it  b^^e 
necessary  to  use  more  portable  graphics.  The  use  of  Motif  and  strictly  X-Windows  for  the  user  interface  began  in  1993. 

The  MDC  CFD  (Computational  Fluid  Dynamics)  group  developed  the  MDGL  (McDonnell  Douglas  Graphics  Library) 
package  [Ref.  2]  to  support  its  graphical  tools  on  a  wide  array  of  graphics  devices.  This  package  allows  the  same 
graphical  subroutine  calls  to  access  ‘native’  drawing  routines  on  many  operating  systems.  By  adopting  this  package  ^ 
MrPatches  in  1994,  it  is  possible  to  draw  geometry  in  ‘native  mode’  on  the  SGI,  IBM  RISC  (also  using  GL),  and  HP 
workstations.  X-Window  drawing  capabdity  is  available  on  a  host  of  systems,  including  the  Sun  Solans  and  Intel 
Paragon  systems. 

MrPatches  has  been  used  as  a  pre^st-processor  with  the  method  of  moments  based  CARLOS  code  and  the 
radiation  analysis  IRIMAGE  code.  Recent  efforts  involve  support  for  more  intuitive  input  features:  the  spaceball  and 
arrow  keys  can  be  used  for  geometry  viewing  in  addition  to  translationA^otation/zoom  sliders. 


2.  Architecture 

A  key  component  of  MrPatches  is  GEOMPACK.  The  structure  of  GEOMPACK  supports  facet  and  cui^ed  surface 
entities  in  an  efficient  manner.  Curved  surfaces  can  be  rational  as  well  as  polynomial  of  degr^  3  or 
order  IGES  curved  surfaces  [Ref.  3]  are  always  internally  converted  to  parametric  bi-cubic  (PBC)  form.  GEOWALK. 
has  an  option  to  convert  surfaces  that  are  higher  order  than  cubic  to  PBC  form  for  editing  and  ray  tracing.  Fot  effiment 
RCS  computation  of  curved  surfaces,  CADDSCAT  requires  PBCs  but  can  compute  physical  optics  of  any  IGES  surface 
that  GEOMPACK  supports. 
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GEOMPACK  allows  support  for  the  processing  of  numerous  facet  file  formats.  These  facet  files  fall  into  two  categones. 
The  first  category  is  the  MlSCAT-type  format  which  defines  facet  vertex  information  for  each  surface  independent  of 
other  surfaces.  The  other  category  is  an  ACAD-like  format  which  first  specifies  the  vertices  for  the  entire  model  and 
then  defines  the  facets  in  terms  of  how  the  vertices  are  connected.  This  second  format  utilizes  computer  memory  more 
efficiently  by  allocating  memory  only  once  for  a  vertex  common  to  several  facets. 


GEOMPACK  consists  of  approximately  50K  lines  of  POSIX  C 
code.  Core  routines  are  FORTRAN,  C,  and  C++  callable.  The  C 
code  accommodates  systems  which  require  a  trailing  underscore 
(i.e.  fot  function  declarations  in  order  to  link  with 
FORTRAN,  as  well  as  those  which  do  not.  Memory  for  entities 
is  dynamically  allocated.  GEOMPACK  has  been  tested  with 
‘Sentinel  Memory  Advisor’  to  ensure  there  are  no  memory 
leaks.  When  used  in  a  ‘virtual  machine’  consisting  of  many 
workstations,  such  as  when  CADDSCAT  is  configured  for  a 
multi-processor  run,  GEOMPACK  reads  geometry  files  on  a 
single  processor  and  uses  MPI  (Message  Passing  Interface)  to 
communicate  the  geometry  to  other  nodes.  Considerable 
memory  savings  are  possible  for  models  that  are  reflected  about 
a  cardinal  plane.  This  is  accomplished  by  deriving  a  reflected 
surface  matrix  from  the  ‘parent’  on  the  fly. 


Since  1989,  GEOMPACK  aUows  processing  of  multiple 
geometry  files.  Presently,  GEOMPACK  accommodates  up  to 
150  files.  The  GEOMPACK  ‘component  file’  is  used  to 
supply  geometry  file  names  and  processing  directives.  A 
keyword  driven  format  enables  file  translation,  rotation, 
subdivision,  triangulation,  mirroring,  etc.  Figure  1  shows  an 

actual  component  file  for  a  C17  model.  The  example  shows  mirroring  (+x  extension  to  file  name),  translation 
(‘TRANSLATE’  keyword),  and  comments  (‘COMMENT’  keyword). 


COHKENT  - 

COMMEKT  pylons  (mirrorod) 

/hcn!c/roedder/cl7/geometry/pylon__inbd_rh.iges+X 

/hoae/roedder/cl7/georeetry/pylon_outbil_th.iqes'fX 

COMMENT - 

COMMENT  odnboard  engine  (mirrored) 

/hoBe/roedder/cl7/georaetry/engine_outl3d_rh.iges+X 

COMMENT  - 

COMMENT  translate  engine  to  inboard  station  and 
COMMENT  mirror  lor  other  side 
TRANSLATE  255. *901  -138.1309  12.2062 
/home/roedder/cl?/geoBetry/engine_outbd_Th.iges+X 

COMMENT  - 

.  COMMENT  Wings  and  tails 

I  /home/roedder/clT/geonetry/wing  fairing_flap_rh.iges+x 
/home/roeddet/cn/geonetry/wlng"th.iges+x 

/home/roedder /c 1 7 / geometry /wert_cap_horii_rh . ige i +x 

COMMENT  - — 

COMMENT  radomes:  do  not  mirror  these 

/ho*e/roedder/cn/geometry/radoKe_fwd.lges 
/homc/roedder/cn/geoRetry/radoi!ie_aft .  iges 

COMMENT  - 

COMMEKT  fuselage: 

/home/roedder/cl7/geonetry/fus_flllet_wing_rh.lge5+x 
/hoae/roedder/cl7/georaetry/fus_fwd_rhTiges+x 
/home/roedder/cl7/gcometry/fus  whlpod_rh . iges+x 

COM.MENT  - 

COMMENT  aft  fuselage  and  doers 

/home/ toedder/cl7/geometry/fu5_aft. iges 

/horae/toedder/cl7/geometry/fus_aft_doors.iges 

/homc/roedder/cl7/geometry/cargo_door.iges 

COMMENT  - — - 

ENE  FILE  INPUT 

Figure  1.  Example  GEOMPACK  Component  File 


GEOMPACK  supports  a  number  of  surface  geometry  formats.  On  input:  IGES  curved  parametric  entities  (114, 128)  ^ 
well  as  finite  element  mesh  entities  (134.  136);  Patran  Neutral  File  curved  surface  (entity  33);  ACAD,  CARLOS, 
IRIMAGE I  AG,  and  MISCAT  facet  files;  and  height  fields  [Ref  1].  On  output:  IGES  entity  114  and  all  facet  formats 
except  ACAD.  It  is  very  easy  to  add  other  geometry  formats  as  either  inputs  or  outputs. 


Another  module  of  MrPatches  is  MDGL.  This  package  is  written  in  ANSI  C  and  has  been  ported  to  most  UNIX 
platforms.  Current  implementations  support  HP.  SG,  IBM  RISC,  SUN,  Motorola,  DEC,  Cray,  and  Paragon  systems. 
Preliminary  versions  exist  for  Microsoft  Windows,  Borland  BGI,  and  Macintosh.  Numerous  hardcopy  devices  are 
supported.  Like  GEOMPACK,  grtqihics  calls  support  C  and  FORTRAN. 


MDGL  features  include  2D  and  3D  orthographic  and  perspective  projections,  viewports,  double  buffering,  z-buffenng, 
and  most  other  standard  graphics  calls.  Double  buffering  provided  by  MDGL  for  X-Window  devices  is  a  unique  feature 
not  directly  supported  under  X.  When  opening  a  window,  MDGL  queries  the  device  being  used.  If  the  system  does  not 
support  a  native  graphics  language,  the  X-Window  graphics  protocol  is  used. 
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3.  Basic  Features 

MrPatches  editing  capabilities  allow  surface  normal  direction  correction,  creation  or  deletion  of  surfaces,  and  merging  or 
separation  of  geometry.  Areas  on  the  geometry  can  be  flagged  for  treatment  schemes.  By  picking  with  the  mouse, 
detailed  geometrical  information  about  specific  locations  can  be  obtained.  Color  shading  and  radius  of  curvature  plots 
aid  the  analyst  in  verifying  the  integrity  of  the  model  prior  to  EM  analysis.  Additional  capabilities  exist  to  display  the 
diftiacting  door  gaps  and  edges  processed  by  CADDSCAT.  To  assist  in  understanding  multi-bounce  scattering 
problems,  MrPatches  interactively  performs  ray  tracing  of  the  geometry. 

MrPatches  displays  and  modifies  triangular  grids  such  as  used  by  the  MDC  CARLOS  code.  MrPatches  can 
automatically  collapse  points,  adjust  symmetry  edges,  and  split  long  triangle  edges.  Output  from  CARLOS  can  be  input 
to  MrPatches  to  graphically  pinpoint  geometry  trouble  spots  and  apply  corrections.  MrPatches  displays  CARLOS 
currents,  images,  and  current  vectors. 

We  now  present  a  detailed  discussion  of  four  representative  features  of  MrPatches.  These  are  the  edge  abutment 
display,  the  gap  geometry  modeling,  the  visualization  of  multi-bounce  effects,  and  various  editing  options  useful  with 
CARLOS. 

4.  Edge  Abutment  Display 

The  GEOMPACK  ‘Edge  Abutment  Table’  (or  just  ‘Edge  Table’)  is  used  for  several  purposes: 

-  defining  diffracting  edges  (CADDSCAT) 

-  tracking  surface  waves  (Enhanced  CADDSCAT,  [Ref.  4]) 

-  evaluating  surfaced  model  quality  by  displaying  the  wedge  angle  between  abutting  surfaces. 

The  ‘edge  table’  is  automatically  created  by  GHDMPACK  using  a  graduated  tolerance  approach.  The  algorithm  starts 
with  very  tight  tolerances,  gradually  loosening  the  tolerances  as  more  difficult  abutments  are  sought.  The  abutment 
detection  algorithm  is  sophisticated.  It  can  find  abutments  of  partial  borders,  even  for  curved  parametric  surfaces  such 
as  in  Figure  2  and  Figure  3.  In  the  most  general  case,  the  mapping  of  the  surface  parametric  variables  across  a  border  is 
a  non-linear  function.  Figure  2  shows  the  diffracting  edge  configuration  for  fixture56.iges.  Figure  3  zooms  in  on  an 
area  of  ‘non  one-for-one’  patching  in  Fixture  56.  Figure  11  of  [Ref.  4]  shows  the  surface  wave  tracking  on  another 
numerical  fixture. 


Figure  2.  Diffracting  Edge  Configuration  for  Fixture  56 


Figure  3-  Non  One-For-One  Abutments  Identified 


5.  Gap  Geometry  Modeling 

Because  gaps  can  be  a  major  scattering  contributor  for  low  observable  platforms,  MDC  has  employed  a  hybrid  gap 
analysis  capabiUty  since  1989  [Ref.  1].  In  practical  applications,  a  user  friendly  visual  interface  for  checking  the  gap 
geometry  is  required.  For  example,  there  are  hundreds  of  gap  segments  on  a  typical  aircraft  such  as  the  F/A-18.  The 
approach  to  RF  modeling  of  gaps  at  MDA  is  similar  to  that  for  moldline  geometty  mc^eling.  CADDSCAT  and 
CAVERN  [Ref.  5]  use  the  designer’s  moldline  definition  exactly  via  IGES  files  (i.e.  without  facetization).  IGES 
geometry  developed  by  the  configuration  designer  is  used  directiy  in  the  RF  analysis.  A  simUar  approach  is  used  for 
gaps.  Thus  the  designer  defines  the  door  gaps  as  IGES  space  curves  which  are  the  direct  input  to  CADDSCAT. 
AUowed  IGES  entities  are  1 12  (spline  curve)  and  126  (B-spline  curve).  B-spUne  curves  are  aUowed  to  be  rational.  Note 
that  gap  geometry  is  modeUed  only  as  space  curves  in  the  high  frequency  asymptotic  code.  The  gap  geometry  is 
analyzed  in  a  psuedo-3D  manner  using  CARLOS  and  the  scattering  characteristics  in  the  gap  principal  plane  are  mput  to 
CADDSCAT. 

RF  gap  processing  must  have  the  moldline  normal  available  at  every  point  along  the  gap.  GEOMPACK  develops  a 
description  of  the  surface  normal  parameterized  as  a  function  of  the  gap  parameter.  Any  gaps  not  satisfying  the  input 
gap  tolerance  are  displayed  in  red  in  MrPatches  indicating  re-work  is  required,  -  i.e.,  die  gap  space  curve  is  not  close 
enough  to  the  surface.  Figure  4  shows  a  gap  layout  with  the  sampled  normal  (the  short  lines)  on  fixture56.iges. 


Figure  4,  Gap  Configuration  for  Fixture  56  (The  ‘whiskers’  are  the  gap  normals.) 
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6.  Visnalization  of  Multi-Bounce  Effects 


The  standard  MDC  practice  is  to  compute  first  bounce  and  multi-bounce  scattering  effects  separately  to  gain  more 
insight  into  subtleties  of  each  target  being  analyzed.  In  1994,  MDA  CEM  analysts  performed  a  signature  analysis  of  the 
forward  swept  wing  configuration  of  Figure  5.  No  significant  multi-bounce  effects  had  been  anticipated  for  this  target 
However  a  multi-bounce  condition  was  found  at  0  elevation  and  135  degree  azimuth. 


Figure  5.  Forward  Swept  Wing  Model 

Since  the  usual  ISAR  imaging  techniques  do  not  map  multi-bounce  RCS  directly  onto  the  scatterer,  identifying  multi¬ 
bounce  scattering  sources  can  be  challenging.  MrPatches  is  used  to  help  resolve  these  nuances.  To  do  this, 
CADDSCAT  provides  the  coherent  higher-bounce  RCS  contributions  from  each  surface  at  the  aspect  of  interesL  (Note, 
a  range  of  aspects  is  not  used.)  These  outputs  are  displayed  in  MrPatches  as  a  "PATCH  DATA'  file.  It  is  advisable  to 
utilize  the  GEOMPACK  "EQUALSIZE’  component  file  keyword  to  subdivide  the  geometry  into  surfaces  of  roughly 
similar  size.  This  causes  the  color  coding  of  surfaces  to  be  more  meaningful,  since  the  RCS  of  each  surface  is 
dependent  on  size. 

Using  this  technique,  we  obtained  the  plot  of  Figure  6  which  clearly  located  the  last  bounce  on  the  canopy.  Using  the 
MrPatches  interactive  ray  tracing  feature,  the  actual  ray  paths  were  identified.  MrPatches  also  supports  the  ray  tracing 
of  'star  bursts'  for  visualizing  near  field  multi-bounce  situations  [Ref.  6].  Figure  7  shows  a  ray  star  burst,  which 
hypothetically  originates  from  an  antenna  illuminating  a  Harpoon  missile. 


Figure  6.  Multibounce  Image  for  Forward  Swept  Wing  Model 


Figure  7.  Ray  Star  Burst  on  Harpoon  Missile 


7.  Editing  Options  and  CARLOS  Applications 

One  of  the  features  of  MrPatches  is  its  ability  to  edit  geometry.  Options  are  available  to  translate,  scale,  and  rotate 
geometry  as  well  as  creating  or  deleting  surfaces.  When  several  geometry  files  have  been  read  in  and  modified,  the  files 
can  be  written  back  out  keeping  the  original  file  groupings.  This  feature  is  used  heavily  where  different  geometry  files 
are  assigned  as  treatment  regions  in  CARLOS  [Ref.  7].  Modified  files  stored  in  the  IGHS  format  can  be  imported  back 
into  the  original  CAD  modeling  system. 

To  modify  specific  surfaces,  the  user  selects  them  by  picking  them  with  the  mouse.  Users  can  select  groups  of  surfaces 
by  using  a  screen  box,  by  specifying  a  geometry  file,  by  picking  all  surfaces  of  a  B-surface,  or  by  keying  in  surface 
identifiers.  Each  surface  selected  changes  color.  If  the  wrong  surface  was  selected,  picking  the  surface  again  will  de¬ 
select  iL  Surfaces  can  be  selected  at  any  time  while  the  model  is  being  rotated  with  arrow  keys,  dials,  sliders,  or 
spaceball.  Once  the  desired  surfaces  are  selected  any  operation  can  be  performed. 

MrPatches  is  not  intended  for  gridding  an  entire  model  from  start  to  finish.  Another  MDC  tool,  ZONI3G  is  used  to 
perform  the  bulk  of  the  gridding  operations.  ZONBG  creates  triangular  or  quad  meshes.  MrPatches  is  used  to  make 
the  fine  corrections  in  these  grids.  Often  problems  arise  with  the  mesh  that  are  difficult  to  spot  due  to  the  large  quantity 
of  triangles.  CARLOS  has  a  feanire  to  write  a  file  that  MrPatches  uses  to  identify  mesh  problems.  The  problems 
CARLOS  detects  are  color  coded  to  indicate  free  edges,  degenerate  triangles,  duplicate  surfaces,  and  multiple  edge 
abutment.  MrPatches  can  display  the  CARLOS  currents  or  images  on  the  geometry  model.  Figure  8  shows  a  current 
image  for  an  F18C  model. 


Figure  8.  F18C  CARLOS  Image  at  500  MHz,  149636  Facets 


Special  options  in  MrPatches  are  helpful  in  editing  CARLOS  triangular  facet  files.  After  entering  a  user  defined 
tolerance,  points' within  this  tolerance  can  be  snapped  together.  Points  within  a  tolerance  of  a  symmetry  plane  can  be 
snapped  to  that  plane.  Triangles  that  become  degenerate  are  deleted  and  the  user  has  the  option  to  delete  surfaces  that 
lie  entirely  in  a  symmetry  plane.  Triangles  with  edges  greater  than  a  specified  length  can  be  split  while  maintaining 
one-for-one  edge  integrity.  MrPatches  can  create  three  or  four  sided  facets.  Vertex  points  can  be  keyed  in,  however, 
they  can  also  be  picked  with  the  mouse.  Picking  options  allow  the  mouse  to  select  an  arbitrary  point,  a  point  on  an  edge, 
or  a  surface  vertex.  When  a  large  gap  exists,  two  rows  of  points  can  be  chosen  and  zippered  together  to  seam  the  gap. 


32 


8.  Conclusions 


MrPatches  is  built  on  two  standard  MDA  software  packages:  MDGL  and  GEOMPACK.  The  McDonnell  Douglas 
Graphics  Library  (MDGL)  allows  graphics  applications  to  port  seamlessly  to  all  major  workstations  and  employs  the 
native  graphics  language  on  each  system.  The  MDA  geometry  package  GEOMPACK,  supports  a  variety  of  geometry 
formats,  including  IGES  and  several  facet  formats.  It  forms  the  backbone  of  several  MDA  CEM  codes  such  as 
CADDSCAT.  MrPatches  geometry  outputs  can  be  provided  in  a  variety  of  faceted  or  curved  surface  formats. 
PostScript  (PS),  Extended  PostScript  (EPS),  and  TIFF  format  files  are  also  available  outputs. 

MrPatches  is  an  excellent  tool  for  developing  the  geometry  and  providing  pre^st  processing  for  such  high  fidelity  RCS 
codes  as  CADDSCAT,  CAVERN,  and  CARLOS.  In  addition,  although  not  discussed  here,  MrPatches  also  supports  IR 
analysis  at  MDA  [Ref.  8].  Because  MrPatches  supports  the  exact  same  set  of  geometry  processing  options  as  the  RF 
codes,  there  is  a  100%  compatibility  of  this  tool  with  the  CEM  analysis  engines.  The  use  of  existing  code  building 
blocks  (i.e.  GEOMPACK  and  MDGL)  has  expedited  the  development  of  this  computer  code. 

MrPatches  is  normally  distributed  to  users  as  part  of  the  CADDSCAT  High  Frequency  RCS  analysis/design  package. 
This  package  is  available  to  qualified  government  requesters.  Contact  Jim  Roedder  at  (314)232-7083. 
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Abstract 

The  use  of  large,  sophisticated  computer  aided  design  software  is  very  widespread  in  'mechanical' 
applications  such  as  automotive  and  aerospace  design.  The  application  of  such  tools  in  electromagnetics, 
and  in  particular  high  frequency  electromagnetics,  is  much  less  ubiquitous. 

In  this  paper  we  describe  the  use  of  the  MSC/PATRAN  CAD  suite,  developed  primarily  for  solid 
mechanics  applications,  as  the  geometry  entry,  meshing,  post-processing  and  display  tool  for  the  2feus 
CEM  analysis  code.  Difficulties  which  arise  in  such  an  implementation,  including  topics  more  peculiar  to 
scattering  analysis  such  as  near  field  calculation  and  display  are  discussed. 


1.  Introduction 

Improvements  in  CEM  techniques  and  the  use  of  larger  computers  to  solve  these  problems  has  resulted  in 
larger  and  more  complex  targets  being  analysed.  This  has  brought  the  issues  of  geometry  entry,  mesh 
generation  and  result  visualisation  to  prominence.  Big  CEM  problems  now  demand  just  the  same 
capabilities  and  sophistication  in  these  areas  as  do  say  solid  mechanics  analyses. 

The  need  in  solid  mechanics  applications  arose  rather  before  that  in  CEM,  and  there  now  exists  a 
considerable  body  of  commerciily  available  CAD,  meshing  and  visualisation  software  developed  for 
such  purposes.  The  mode  of  use  typically  starts  with  the  entry  /  generation  of  the  geometry,  in  the  form  of 
a  'solid  model’.  The  volume  or  surface  of  this  is  then  discretised,  generally  by  its  division  into  finite 
elements,  and  this  discretised  geometry  is  then  used  in  the  analysis  code.  Results  so  generated  are  then  fed 
back  into  the  CAD  package  for  postprocessing  and  display.  In  many  commercial  packages  the  stages  of 
solid  modelling,  meshing,  running  of  the  analysis  codes,  post  processing  of  results  (and  even  data  and  tool 
preparation  for  manufacture)  are  linked  via  a  seamless  graphical  user  interface. 

In  this  paper  we  describe  the  development  and  operation  of  schemes  to  edlow  the  xise  of  such  software  as 
the  meshing  and  visualisation  tool  for  a  time  domain  integral  equation  CEM  suite,  denoted  Zeus.  This  is  an 
implicit  integral  equation  time  domain  code’.  The  basic  formulation  is  based  on  the  time  domain  MFIE  for 
a  perfectly  conducting  scatterer  surrounded  by  dielectric^'^. 

2)rH(r,r)=4)rU„(r,/)+ 

where  H  is  the  magnetic  field,  n'is  the  normal  vector  at  t',  c  is  the  speed  of  wave  propagation  and  t  is 
the  retarded  time.  The  integration  is  carried  out  over  the  surface  of  the  scatterer  s'. 

The  spatial  discretisation  of  the  MFIE  is  achieved  by  dividing  the  surface  into  M  disjoint,  generally 
curved  elements.  The  time  dependence  is  modelled  using  quadratic  lagrangian  basis  functions  (T^  with 
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nodal  separation  (timestep)  At.  Using  the  isoparametric  approach  we  obtain  a  discrete  equation  for  the 
unknowns  ,  the  H-field  at  the  ith  node  and  fcth  time  step. 


hi  the  above  J  is  the  Jacobian.  The  functions  and  7^  are  the  quadratic  spatial  and  temporal  shape 
functions  respectively,  with  spatial  intrinsic  co-ordinates  and  intrinsic  time  T. 

The  element  types  used  correspond  to  surface  element  types  available  in  commercial  meshing  packages. 
Although  a  whole  library  of  different  element  types  could  be  employed  (akin  to  finite  elements)  the  code 
currently  supports  eight  or  nine  noded  quadrilateral  elements  and  six  noded  triangular  elements.  Any 
combination  of  these  element  types  can  be  used  in  meshing  a  solid  model.  Fuller  details  of  all  of  this  can  be 
found  in  the  references  cited^-^. 

The  use  of  the  meshing  package  allows  for  local  refinement  of  the  mesh  in  areas  of  high  curvature  or 
complex  geometry.  If  the  time  dependence  is  treated  explicitly  the  timestep  must  be  smaller  than  the 
smallest  spatial  nodal  separation.  These  methods  are  also  prone  to  instabilities^'^.  Therefore,  an  implicit 
treatment  is  employed  where  the  timestep  is  based  on  the  largest  nodal  separation.  These  packages 
generally  also  allow  use  of  tools  to  easily  determine  element  distortion  or  curvature. 


2.  Mesh/ Analysis  Code  Interface 

This  section  details  the  methods  used  to  create  an  interface  between  the  CAD  software,  the  meshing 
package  and  the  Zeus  analysis  code.  The  meshing  package  we  mostly  use  is  MSC/PATRAN  although  a 
similcir  interface  has  been  develop>ed  successfully  for  SDRC  Ideas.  Normally  a  solid  model  is  created  losing 
PATRAN's  geometry  modeller,  although  alternatively  we  can  import  solid  models  from  other  CAD 
packages  into  PATRAN.  As  the  analysis  is  a  boundary  element  method,  we  only  need  to  discretise  the 
surface  of  the  solid  model.  This  is  achieved  by  meshing  the  surface  of  the  solid  model  using  the  range  of 
meshing  tools  available  in  the  package.  These  include  for  example,  non-uniform  seeding  of  the  mesh  in 
areas  of  high  curvature,  mapped  or  free  meshing  and  automatic  refinement  of  the  mesh  in  geometrically 
complex  areas,  along  with  practical  aids  such  as  zoom  and  rotate. 

The  next  stage  is  to  convert  the  mesh  information  into  a  format  that  can  be  used  as  input  to  the  Zeus  code. 
The  mesh  and  control  information  required  by  the  Zeus  code  is  supplied  in  the  form  of  an  ASCII  file 
containing  information  'datasets'.  An  example  of  a  dataset  is  the  list  of  nodal  co-ordinates.  These  datasets 
have  start  and  end  delimiters  and  have  a  specified  format  for  the  data  contained  between  the  delimiters. 
The  mesh  information  required  by  the  Zeus  code  is  a  dataset  containing  the  nodal  co-ordinates  and  a 
dataset  containing  the  element  types  and  connectivities. 

PATRAN  and  Ideas  both  have  the  facility  to  export  an  ASCn  file  containing  the  mesh  information  as 
'datasets'.  In  the  case  of  PATRAN  this  file  is  called  a  'PATRAN  neutral  file'.  The  datasets  in  the  neutral 
file  are  not  in  the  same  format  as  the  datasets  in  the  input  file  to  the  Zeus  code.  Therefore,  a  simple 
format  converter  code  (named  p_PREP)  is  used  to  create  the  Zeus  code  datasets  from  the  PATRAN  neutral 
file.  This  procedure  is  summarised  in  figure  1. 

The  next  step  is  to  add  to  the  file  containing  the  Zeus  code  mesh  datasets  such  control  information  datasets 
as  are  required.  These  typically  might  consist  of  the  incident  wave  data,  the  timestep  size  and  the  order 
of  quadrature  to  be  used.  The  Zeus  code  can  then  be  run  and  will  output  a  result  file  containing  surface 
current  values  at  nodal  locations  and  at  all  timesteps. 


35 


3.  Post  Processing  and  Display;  Surface  Fields 

Once  a  result  file  for  a  particular  mesh  has  been  generated,  the  results  can  then  be  read  into  PATRAN  or 
Ideas.  The  results  can  then  be  displayed  on  the  same  representation  of  the  body  as  was  used  to  create  the 
mesh,  and  smface  currents  at  nodal  locations  visualised. 

PATRAN  has  a  facility  whereby  the  user  can  add  additional  menu  options  and  preferences  to  tailor 
PATRAN  to  the  user's  application.  This  involves  writing  programs  in  PCL  (PATRAN  Command  Lan^age) 
which  can  be  linked  into  the  main  PATRAN  code  when  the  user  starts  vp  PATRAN.  This  has  provided  a 
method  to  integrate  the  reading  of  Zeus  code  results  directly  into  PATRAN.  A  different  scheme  was 
adopted  for  Ideas,  which  is  less  welcoming  in  this  respect;  the  Zeus  code  result  file  was  converted  into  an 
'Ideas  universal  file'  using  a  format  conversion  program,  and  the  resulting  universal  file  imported  into 
Ideas. 

The  procedure  for  reading  the  results  into  PATRAN  is  as  foUows.  The  user  opens  the  database  containing 
the  mesh  information  supplied  to  the  Zeus  code.  Using  the  additional  P ATRAN  ii\enu  option  created  for 
the  Zeus  code,  the  user  can  select  the  result  file  to  read  in.  As  the  result  file  contains  surface  currents  at  all 
nodes  and  at  all  timesteps  it  can  be  rather  large.  For  example,  a  mesh  of  a  NASA  almond  corisistmg  of  2450 
nodes  (sufficient  to  model  it  as  a  ~6  wavelength  long  body),  run  for  200  timesteps,  generates  in  a  result  file 
totalling  approximately  25  Mb.  To  circumvent  this  difficulty,  the  user  can  select  a  range  of  timesteps  to 
read  in,  which  may  be  a  small  subset  of  the  total. 

Once  the  results  have  been  read  in,  the  wide  variety  of  display  tools  available  in  the  meshing  package 
can  be  used.  The  results  can  be  displayed  as  a  vector  plot  or  as  a  scalar  fringe  plot,  where  the  scalar  values 
are  based  on  the  magnitude  of  the  surface  field  or  the  magnitude  of  a  vector  component.  The  results  can  also 
be  animated  and  areas  of  interest  magnified  or  shown  in  isolation,  (figure  5) 

4.  Post  Processing  and  Display;  Near  Fields 

Once  the  surface  field  is  known  the  far  field  and  near  field  values  can  be  calculated  (this  procedure  is 
summarised  in  figure  2).  The  near  field  values  represent  the  behaviour  of  the  scattered  field  close  to  the 
target.  A  near  field  value  is  calculated  at  all  timesteps  by  integrating  from  the  point  in  space  where  we 
wish  to  know  the  near  field  value  over  the  surface  fields  at  the  appropriate  retarded  times.  Calculatmg 
the  near  field  values  for  a  set  of  field  points  aUows  us  to  build  vp  an  image  of  how  the  field  is  scattered 
close  to  the  target. 

A  separate  code  (m_NEARnELD)  is  used  to  calculate  the  near  field  values.  Input  to  this  code  is  the  same 
as  the  input  to  the  original  Zeus  code  with  an  additional  dataset  containing  the  co-ordinates  of  the  near 
field  points  and  a  dataset  containing  the  surface  field  results. 

Typically  we  are  interested  in  the  near  field  values  on  a  'cutting  plane  through  the  target.  We  can  easily 
create  a  set  of  points  on  such  a  plane  in  PATRAN.  First,  we  create  a  cutting  plane  surface  on  the  solid  model 
geometry.  This  can  then  be  meshed  to  create  a  set  of  nodal  locations  cn  the  cutting  plane.  Using  the  same 
procedure  used  in  converting  the  original  mesh  data  to  Zeus  code  datasets,  the  near  field  locations  can  be 
converted  to  a  dataset  for  input  to  m_NEARFIELD. 

Running  m_NEARFIELD  results  in  a  result  file  containing  the  field  values  at  all  the  points  on  the  cutting 
plane  at  all  timesteps.  These  results  can  then  be  read  into  PATRAN  using  exactly  the  same  method  as 
described  section  2.  The  near  field  results  can  then  be  displayed  as  vectors  or  scalars  in  a  same  way  as  the 
original  surface  results,  (see  figure  6) 

5.  Integration  Issues 

The  above  sections  describe  how  the  Zeus  code  is  used  with  a  commercial  CAD  and  meshing  package  such 
as  PATRAN. 

We  have  developed  a  seamless  graphical  interface,  written  in  PCL,  to  allow  all  of  the  above 
manipulations  to  be  performed  from  within  PATRAN.  However,  as  described,  the  Zeus  code  is  not  wholly 
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embedded  into  PATRAN.  Rather,  as  indicated  in  the  vaious  figures,  the  user  must  create  the  solid  model 
and  mesh  in  PATRAN,  then  export  the  mesh  data  before  running  the  Zeus  code  extemaUy.  The  result  file 
is  then  read  into  PATRAN  for  display.  This  method  is  convenient  for  developers  as  the  user  has  a  direct 
interface  with  the  code  they  are  developing.  Also,  due  to  the  size  of  the  problems  solved  the  Zeus  code  is 
often  nm  cn  external  machines  where  PATRAN  is  not  available,  such  as  the  512  processor  T3D  at 
Edinburgh.  A  degree  of  separation  of  the  visualisation  and  analysis  aspects  is  thus  in  practice  convenient. 

6.  Conclusions 

We  have  here  described  the  use  of  a  CAD  suite,  developed  primarily  for  solid  mechanics  applications,  as 
the  geometry  entry,  meshing  and  post-processing  and  display  tool  for  a  CEM  analysis  code.  The 
combination  works  well,  allowing  all  the  features  and  sophistication  of  the  CAD  suite,  developed  for^md 
at  the  expense  of  the  much  larger  solid  mechanics  applications  market,  to  be  made  available  to  the  OEM 
analyst. 
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Figure  2:  Schematic  of  near  field  calculation  and  results  display  procedure 


Figure  4: 2450  Node  mesh  of  NASA  Almond 
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Figtire  5:  2450  NASA  Almond  at  7GHz.  Harmonic  wave,  propagating  in  -x,  W  polarisation,  Main  picture: 
magnitude  of  H  field.  Inset:  vector  plot  of  H  field  at  selected  nodal  locations. 
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Abstract 

Antenna  radiation  patterns  can  be  represented  as  three-dimensional  surfaces  in  space,  gain  being  specified  with 
respect  to  two  angles  theta  and  phi,  or  in  azimuth  and  elevation.  Graphical  methods  have  been  the  traditional 
means  of  conveying  information  on  the  pattern  shapes.  Using  the  rendering  and  animation  package  3D  Studio®, 
three  dimensional  images  can  be  produced  that  dramatically  convey  pattern  characteristics  that  would  otherwise 
require  a  multitude  of  graphs  to  convey.  This  paper  describes  in  some  detail  a  method  of  production  of  such 
images  and  their  application  to  a  computer  based  aid  training  being  developed  for  signals  personnel  of  the 
Australian  Army. 

Background. 

Both  the  Australian  Army  and  Navy  make  significant  use  of  high  frequency  (HF)  communications  for  a  variety  of 
scenarios.  While  the  prevailing  ionospheric  conditions  play  a  vital  part  in  the  success  or  otherwise  of  HF 
communications  to  locations  over  the  horizon,  without  adequate  knowledge  of  the  radiation  patterns  of  antennas 
at  both  ends  of  the  transmission  path,  all  but  trivia!  communications  may  not  be  established.  Education  of  the 
communicator  is  vital  -  particularly  when  he  is  dropped  into  an  unfamiliar  location  and  expected  to  have  his  HF 
link  up  and  running  within  ten  minutes.  Some  have  developed  an  ‘antenna  intuition’  from  years  of  experience. 
The  less  experienced  have  to  rely  on  whatever  training  they  have  been  given.  Any  improvement  in  the  training 
can  be  expected  to  provide  a  corresponding  improvement  in  communications  availability.  For  this  reason  the 
Australian  Army  Technology  and  Engineering  Agency  (ATEA)  is  developing  a  series  of  computer  based 
interactive  training  aids  to  convey  the  nature  of  radiation  patterns  in  a  fast  but  memorable  way.  Up  to  50000 
images  of  antenna  radiation  patterns  are  stored  on  a  compact  disk  (CD),  which  can  be  viewed  with  a  purpose- 
written  viewer. 

The  images  are  created  with  ATEA’s  AutoNEC  capability  (refererence  1),  which  was  originally  conceived  as  a 
useful  interface  to  the  Lawrence  Livermore  Laboratory’s  Numerical  Electromagnetics  Code  (NEC).  AutoCAD® 
was  customised  to  provide  a  model  creation  environment  for  NEC,  as  well  as  a  means  of  creating  three 
dimensional  drawings  of  antenna  radiation  pattern  data  from  the  results  of  the  modelling,  and  makes  extensive 
use  of  AutoLISP*  procedures.  This  capability  has  been  extended  with  Interfaces  to  the  rendering  and  animation 
program  3D  Studio.  Still  and  animated  3D  images  of  radiation  patterns  can  be  readily  produced  which  provide  a 
far  greater  perception  of  radiation  pattern  characteristics  that  the  multitude  of  graphs  that  would  otherwise  be 
needed. 

Range  of  antennas  and  configurations. 

The  training  aids  are  primarily  designed  to  support  the  RAVEN  HF  single  channel  radio  equipment  in  service  with 
the  Australian  Army.  Apart  from  a  range  of  vehicle  installations  and  manpack  configurations,  each  with  its 
specific  antenna  ty^es,  the  RAVEN  antenna  suite  consists  of  a  range  of  wire  antenna  kits  which  can  be 
configured  into  a  wide  variety  of  tuned  and  untuned  antennas.  These  can  be  erected  at  varying  heights  above 
ground,  with  and  without  reflectors  and  counterpoises,  and  will  be  used  over  a  variety  of  soil  types  ranging  from 
very  poor  sands  to  rich  moist  and  highly  mineralised  soils.  The  number  of  generic  antenna  types  in  the  RAVEN 
suite  is  fourteen,  each  of  which  will  be  modelled  over  three  soil  types  loosely  described  as  poor,  average  and 
good.  The  range  of  heights  at  which  an  antenna  can  be  erected  will  depend  on  its  type,  and  as  a  minimum, 
three  will  be  considered  for  each  antenna. 


®  3D  Studio,  AutoCAD  and  AutoLISP  are  registered  trademarks  of  Autodesk  Inc. 
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Description  of  the  Training  Aid.  contains  sets  of  image  files  for  the  antenna, 

The  training  aid  consists  of  each  the  user  to  view  the  images  in  a  meaningful  order 

together  with  a  viewer  and  auxiiia^  f  es.  vipwina  of  the  effects  on  the  pattern  of  frequency,  ground 

under  mouse  and  keyboard  can  adjust  his  viewpoint  in  azimuth  and  elevation,  thus 

type,  height  above  ground  characteristics  of  the  pattern.  The  radiation  pattern  is 

enhancing  his  perception  to  the  soil  type.  This  not  only  reminds  the  user  of  the  soil 

displayed  over  an  image  of  the  ground  f  orientation.  Other  sections  of  the  display 

type,  but  provides  natural  reference  and  soil  type.  A  line  drawing  of 

alnna^  pa«em.  Vlewpoln.  azi™.  and 

elevation  are  also  shown. 

Generation  of  antenna  data.  „onmPtrv  across  the  HF  band.  Models  of  the  antennas  are  created 

The  RAVEN  broad  band  loading  and  other  data  appended  as  extended  entity 

as  AutoCAD  line  drawings  and  to  create  a  NEC-like  geometry  file,  together  with  an 

data.  A  procedure  written  in  AutoL  SP  runs  ^^hin  AutoC^  TurboPascal 

auxiliary  file  containing  excitation,  loading,  nemork  and  othe  ■  ^  where^not  specified,  and  assigns  wire 

performs  some  error  oheokirrg  on  to  crLe  a  series  of  NEC  input 

:e1me;re"arretrs 

as  the  data  from  frequencies  already  processed  is  not  lost. 

The  tuned  antennas  have  wire  II!«h  thnntennridt'’'The  arteVna^f  drapin' AirioCAD  in  the 

This  information  is  supplied  in  a  t^le  supplied  with  the  •  ^ototype,  together  with  data  from  the 

"S  ss.r.^‘ .  »c «  — . 

the  required  frequency  range,  and  a  batch  file  to  run  the  job. 

After  the  NEC  runs  are  complefed  suooessf^iy 

that  time. 

Experience  has  shown  that  five  degree  'n~  j," 

rnC™e::°/Se°^;rdT^^^^^^  omy  oPtained  for  the  upper  hemisphere.  This 

gives  a  total  antenna  gain  dataset  of  1368  points  per  frequency. 

Creation  of  antenna  pattern  surfaces.  „,.,Hearr,  tiio  ic  rpsri  into  AutoCAD  to  create  a  series  of  three- 

Using  another  AutoLISP  procedure,  the  radiation  pa  js  js  op  its  own 

dimensional  surfaces  with  their  ongins  at  -p.  ^ence  of  layer  names  ‘RP02’  to  ‘RP30’  has 

layer,  corresponding  to  the  data  for  one  Padicu  q  ^  2  to  30  MHz.  The  vertex  creation  order 

been  used  to  coverthe  HF  band,  corresponding  the  vertices  are  created  in  an  anti- 

of  these  faces  should  be  such  that  they  have  an  ou^a  |  proper  rendering  in  3D  Studio,  without 

^h’St  f^j  airded—  ^ 

unimportant,  except  that  it  must  be  the  same  for  each  surface. 

The  same  procedurethenproduces^^^ 

pattern  surfaces  to  3D  Studio.  It  has  been  found  ^ database  and  must  be  avoided.  While  having 
have  the  potential  to  change  the  order  of  ®"tibes  in  t  'L^j  •  3D  studio  breaks  down  dramatically 

ThL  ..Hougri  .ne  .DXE  fiiP  Wii,  be  iarger,  ri 
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should  be  written  without  using  entity  selection,  and  preferably  immediately  after  creation  of  the  pattern  surfaces. 
Although  Version  13  of  AutoCAD  can  directly  produce  3D  Studio  {.3DS)  files,  a  procedure  is  being  written  that 
will  convert  the  NEC  output  files  directly  into  a  .DXF  file,  reducing  the  handling  and  the  potential  for  errors. 

Use  of  3D  Studio 

Successful  creation  of  images  in  3D  Studio  is  not  a  trivial  task,  requiring  a  significant  amount  of  user  interaction 
and  understanding  of  the  various  processes.  A  knowledge  of  lighting  and  camera  techniques  is  essential, 
together  with  the  ability  to  think  and  draft  in  three  dimensions.  A  sense  of  the  theatrical  is  probably  another 
prerequisite  if  the  dramatic  potentials  of  this  package  are  to  be  completely  realised. 

3D  Studio  consists  of  a  number  of  editors  which  are  briefly  described  in  reference  2.  Those  mentioned  in  this 
paper  are  the  2D  Editor,  the  Lofter,  the  3D  Editor,  the  Keyframer,  the  Materials  Editor  and  the  Keyframer.  A  full 
description  of  each  is  also  available  in  the  3D  Studio  handbooks. 

To  create  the  images,  the  .DXF  (or  .3DS)  file  is  loaded  into  3D  Studio.  This  will  create  a  series  of  objects  in  the 
3D  editor  corresponding  to  the  gain  surfaces  in  AutoCAD.  If  the  AutoCAD  layer  names  have  been  chosen 
ending  with  a  2  digit  numeric  string,  they  wiil  be  transferred  directly  to  3D  Studio.  Their  origins  will  be  at  (0,0,0). 

Once  ioading  is  complete,  all  but  one  surface  -  RP02  -  is  hidden  by  the  user.  A  suitabie  material  is  then  attached 
to  this  object.  Of  the  180  or  more  standard  materials  that  come  with  3D  Studio,  blue  marble  has  proved  the 
most  useful  for  depicting  radiation  patterns.  It  has  dark  striations,  and  although  not  having  any  significance  in 
the  radiation  pattern  context,  these  enhance  the  perception  of  shape.  As  the  material  is  textured,  mapping  must 
also  be  applied  to  the  object.  Spherical  mapping  is  used,  with  its  axis  passing  vertically  through  (0,0,0). 

If  the  patterns  are  to  be  displayed  above  a  representation  of  the  ground,  a  ground  object  should  be  added  at  this 
time.  Section  of  a  sphere  is  used  as  its  curvature  enhances  the  perception  of  distance  in  the  final  images.  A 
sphere  of  appropriate  size  is  created  at  (0,0,0)  in  the  3D  Editor  and  excess  faces  deleted.  It  is  then  repositioned 
with  its  upper  surface  just  below  the  radiation  pattern  object  RP02.  Hills  and  valleys  can  be  created  by  judicious 
manipulation  of  the  vertices  of  this  object.  An  aerial  photograph  of  the  required  ground  is  then  attached  to  this 
surface.  Before  this  can  be  done  a  material  referencing  the  image  file  must  first  be  created  in  the  Materials 
Editor. 

If  an  illustration  of  the  antenna  is  to  be  included,  it  can  be  created  using  the  tools  available  in  the  3D  editor,  or 
imported  from  AutoCAD  (using  another  DXF  or  3DS  file)  if  a  suitable  drawing  available.  Note  that  AutoCAD  line 
drawings  will  not  import  as  renderable  objects  in  3D  Studio,  and  that  a  3D  Face  drawing  will  have  to  be  created. 
This  can  be  created  in  AutoCAD  by  overlaying  the  line  drawing  with  3D  Faces  with  the  Object  Snap  set  to  END. 
As  with  the  radiation  patterns,  vertex  creation  order  should  be  consistent  with  outwards-pointing  normals. 
Showing  the  antenna  in  the  same  image  as  its  radiation  pattern  is  probably  best  avoided  as  it  occasionally 
invokes  the  question  ‘  Is  that  as  far  as  the  signal  goes?’. 

Lights  must  be  created  in  the  scene  to  properly  illuminate  the  radiation  pattern  object.  Spotlights  have  been 
found  to  be  of  most  use,  and  up  to  three  have  been  used  at  different  angles  to  properly  illuminate  the  object. 
Ambient  lighting  and  omnidirectional  lights  may  also  be  needed  to  give  proper  illumination  to  the  ground  surface 
object.  Care  should  be  taken  in  positioning  the  lights  so  that  they  are  sufficiently  far  away  from  the  largest  of  the 
radiation  pattern  objects  as  lights  unexpected  buried  within  an  object  can  cause  some  puzzling  effects. 

The  next  entity  to  create  is  a  camera.  Like  the  lights,  this  must  be  positioned  sufficiently  far  away  from  any 
objects.  The  camera  has  two  parameters  under  the  heading  of  RANGES.  These  control  the  distance/strength 
relationship  of  certain  atmospheric  effects  such  as  fog.  The  NEAR  distance  should  be  set  approximately  four 
times  the  distance  from  the  furthermost  point  of  any  radiation  pattern  object.  The  FAR  setting  should  be  set 
about  twice  that  distance. 

To  provide  a  suitable  background  to  the  scene  an  image  such  as  3D  Studio’s  SKY. JPG  is  used.  To  enhance 
the  impression  of  distance,  a  fog  atmospher  is  also  applied.  The  fog  colour  should  be  approximately  the  same 
colour  as  the  proposed  background,  with  NEAR  and  FAR  settings  of  0  and  40%  respectively.  With  the 
previously  set  camera  ranges,  this  should  add  a  suitable  haze  to  distant  parts  of  the  scene. 
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Text  can  be  created  using  the  2D  Editor,  and  imported  into  the  scene  either  directly  or  via  the  Lofter  if  some 
character  depth  is  desired.  Alternatively  it  can  be  created  in  an  image  format  in  3D  Studio  or  elsewhere,  and  an 
appropriate  material  created.  This  is  then  attached  to  an  appropriate  object  in  the  scene.  This  method  saves 
the  repeated  processing  of  the  large  number  of  text  vertices  for  every  image  frame  and  rendering  is  significantly 
faster.  Animated  text  can  be  added  in  a  similar  way  using  multiple  objects.  This  has  been  used  successfully  in 
other  visualisation  work,  but  was  not  used  in  the  training  aid  images  as  other  windows  outside  the  antenna 
pattern  image  area  provide  textual  information. 

Both  the  camera  and  lights  need  to  move  to  set  up  the  various  vievy^Doints  and  maintain  proper  lighting.  This  is  a 
rotary  motion  and  is  determined  by  specifying  angles  with  respect  to  object  pivot  points.  As  neither  cameras  nor 
lights  can  be  assigned  object  pivot  points  directly,  two  dummy  objects  (P01NTER01  and  POINTER02)  are 
created,  the  lights  and  camera  deriving  their  rotational  motion  by  linkage  to  these  objects.  As  the  dummy  objects 
will  eventually  be  hidden,  their  shape  is  unimportant  except  as  a  visual  guide  to  verifying  their  correct  rriovement. 
Long  cylinders  or  cones  have  been  found  to  be  useful  shapes.  If  they  are  centered  at  (0,0,0),  this  will  be  their 
default  object  pivot  point. 

The  next  step  is  to  enter  the  Keyframer  to  create  an  animation.  This  editor  allows  the  hierarchy  of  objects  to  be 
specified,  as  well  as  the  setting  of  the  various  ‘keys’  which  control  the  object  position,  rotation,  scale,  and 
morphing,  lighting  and  cameras  at  the  appropriate  frames  of  the  animation.  At  this  point  the  scene  contains 
some  32  objects,  all  but  four  of  which  are  hidden.  Those  still  visible  are  the  first  radiation  pattern  RP02,  the 
ground  and  the  two  pointers.  Apart  from  the  ground,  animation  keys  must  be  assigned  to  all  of  these.  For  the 
training  aid,  a  frequency  step  of  1/4  MHz  was  used  to  give  a  smooth  image  transition  with  frequency.  As  the 
patterns  objects  are  created  at  1  MHz  increments,  intermediate  pattern  shapes  need  to  be  created.  This  is  done 
by  morphing  RP02  to  a  successive  patterns  (RP03  to  RP30)  every  four  frames,  3D  Studio  creating  the 
intermediate  geometries  by  interpolation.  This  gives  114  frames  per  frequency  sweep. 

Morphing  is  performed  with  reference  to  a  fixed  reference  point  for  each  shape.  This  will  normally  be  the 
centroid,  although  with  a  some  effort  it  can  be  manually  forced  to  other  locations.  However,  without  specifically 
setting  the  reference  point  for  every  radiation  pattern  object,  morphing  will  generally  cause  the  pattern  origin 
(0,0,0)  to  move,  the  pattern  centroid  remaining  fixed.  This  problem  was  originally  corrected  manually  at  each 
morph  key,  by  making  a  position  adjustment  (usually  in  each  of  the  three  dimensions)  to  maintain  the  origin  of 
the  morphed  pattern  at  (0,0,0).  This  required  a  significant  effort  to  achieve  a  satisfactory  result.  Another  method 
was  to  generate  a  path  of  position  keys  calculated  from  the  image  shapes  within  AutoCAD.  The  current  method 
makes  use  of  Keyscript,  a  language  embedded  in  3D  Studio  and  will  be  mentioned  later.  The  114  frame  key 
sequence  is  repeated  once  for  each  viewing  angle,  thus  repeating  the  morphing  of  RP02  through  the  patterns 
from  2  to  30  MHz. 

Control  of  the  camera  is  the  next  concern.  This  should  be  initially  set  in  the  3D  Editor  to  view  the  pattern  from  0 
degrees  in  both  azimuth  and  elevation.  Both  the  camera  and  its  target  location  and  field  of  view  need  to  be  set 
to  accommodate  the  largest  radiation  pattern  from  all  the  proposed  viewing  angles. 

As  POINTER01  and  POINTER02  have  been  created  centered  on  (0,0,0),  they  can  readily  be  rotated  about  this 
point  in  each  axis.  At  the  end  of  every  114  frames,  POINTER01  is  stepped  22.5  degrees  around  a  vertical  axis. 
Each  step  requires  2  keys,  the  first  a  step  of  0  degrees  at  the  end  of  the  sequence  (113th  frame)  to  hold  its 
position,  and  the  second  at  the  next  frame  of  22.5  degrees  to  cause  an  immediate  step.  POINTER02  is  linked  to 
POINTER01  so  that  the  two  then  move  together.  Any  spotlights  lighting  the  radiation  pattern  should  also  have 
their  targets  and  sources  linked  to  POINTEROI  so  that  they  move  with  it,  thus  maintaining  proper  lighting  on  the 
radiation  pattern. 

PO1NTER02  is  stepped  by  30  degrees  about  a  horizontal  axis  at  the  end  of  every  sequence  of  POINTEROI 
(1824  frames),  again  requiring  2  keys  to  generate  an  immediate  step.  POINTER02  thus  steps  in  azimuth  by 
virtue  of  its  linkage  to  POINTEROI ,  and  in  elevation  In  response  to  its  own  rotation  keys. 
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The  preceeding  key  sequences  have  created  three  nested  loops.  The  inner  loop  controlling  the  ^ 

radiation  pattern  object  RP02  from  2  to  30  MHz,  the  next  stepping  POINTER01  in  azimuth  in  22.5  degrees 
increments,  and  the  outer  loop  stepping  POINTER02  in  elevation  in  30  degree  increments. 

The  camera  target  and  its  body  are  then  linked  to  POINTER02,  thus  following  its  motion  and  allowing  the 
radiation  pattern  frequency  sequence  to  be  viewed  with  22.5  degree  steps  in  degree  steps  in 

elevation.  The  complete  sequence  spans  5537  frames.  It  requires  the  creation  of  over  1 1 000  keys  and  Presents 
a  formidable  task  if  done  manually.  Fortunately  3D  Studio  now  has  an  embedded  language  caHed  Keyscnpt  -  a 
BASIC-like  language  with  Pascal  record  constructs.  It  has  the  ability  to  extract  and  manipulate  the  parameters  of 
3D  Studio  objects.  The  extents  of  the  morph  objects  can  be  read  and  used  to  adjust  the  position  of  RP02  to 
maintain  its  origin  at  (0,0,0)  during  morphing.  Only  70  lines  of  code  is  needed  to  generate  the  required  keys 
reducing  the  time  needed  to  set  up  keys  from  over  a  week  to  less  than  a  minute.  The  code  can  be  reused 
providing  the  structure  of  object  names,  locations,  hierarchies  and  linkages  is  maintained. 


Fig  1 :  3D  Studio  keyframer  screen  showing  lights, 
camera,  the  radiation  pattern  and  the  ground  objects. 


Fig  2:  showing  some  of  the  1 1 000  keys  set  up  in  the 
keyframer. 


The  images  are  created  by  invoking  the  Renderer.  The  Renderer  will  produce  images  in  a  number  of  different 
screen  resolutions.  A  resolution  of  640  X  480  pixels  is  used  in  the  training  aids  as  it  gives  the  best  compromise 
between  image  quality  and  viewing  speed.  Images  can  also  be  created  in  a  nurnber  of  ^ortnats  including  a 
number  of  the  standard  single-image  formats  such  as  .GIF,  .TQA,  .TIF,  .JPG  and  .BMP  as  well  as  the  animation 
format  (  FLC).  The  Joint  Photographic  Experts  Group  (JPEG)  .JPG  format,  provides  excellent  image  quality  for 
non-textual  images,  and  with  proper  choice  of  compression,  generates  a  small  file  without  materially  degrading 
image  quality.  File  sizes  of  10  to  30  kbyte  are  typical,  compared  with  100  to  300  kbyte  for  other  common 
formats.  For  these  reasons  .JPG  was  chosen  for  use  in  the  training  aid.  When  producing  single  images,  the 
Renderer  generates  a  file  name  consisting  of  the  first  four  characters  supplied  by  the  user,  the  remaining  four 
being  the  frame  number. 

Rendering  time  is  a  function  of  the  complexity  of  the  scene  geometry,  lighting,  and  '^^atenals.  For  the  images 
created  for  the  training  aid  typical  times  were  between  20  and  50  seconds  per  frame  with  a  150  MHz  Pentium 
processor.  Each  sequence  of  5537  frames  takes  just  on  three  days  to  complete.  Images  for  one  antenna,  over 
three  grounds  and  at  three  different  heights  takes  about  1  month  of  CPU  time. 


A  special  purpose  viewer  is  being  developed  for  this  application.  In  addition  to  displaying  the  radiation  pattern 
images  themselves,  auxiliary  textual  parameters  associated  with  the  antenna  pattern  are  displayed  in  a  small 
window.  These  include  the  antenna  name  and  description,  together  with  details  of  its  current  configuration, 
frequency,  height  above  ground,  ground  type,  and  the  viewpoint  azimuth  and  elevation.  Because  of  the  amount 


of  information,  this  is  split  into  three  scrollable  pages.  To  provide  correct  perception  of  the  antenna  orientation, 
a  second  window  displays  a  line  drawing  of  the  antenna  viewed  from  the  same  viewpoint  as  the  antenna  pattern. 
In  addition  a  linear  display  indicates  frequency,  and  other  windows  show  viewpoint  elevation  and  azimuth  scales. 
A  further  window  displays  current  program  status  and  other  parameters  associated  with  debugging.  It  is  planned 
to  add  a  conventional  plot  of  a  horizontal  cut  of  the  radiation  pattern  at  a  nominated  takeoff  angle.  This  would  be 
overlaid  on  the  azimuth  scale. 
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The  frequency,  viewpoint  elevation  and  azimuth  can  be  changed  by  the  user  under  keyboard  control.  These 
functions  will  eventually  be  transferred  to  mouse  control.  Selection  of  antenna  type,  ground  type  and  height 
above  ground  can  aJso  be  user  selected.  These  parameters  are  processed  by  the  program  to  uniquely  define  a 
directory  and  file  name,  the  file  then  being  displayed  in  the  radiation  pattern  image  window  and  the  other  displays 
updated. 

Radiation  pattern  display. 

The  radiation  pattern  images  are  created  in  640  X  480  pixel  format,  with  256  colours,  requiring  a  SVGA  display. 
This  mode  was  chosen  as  it  provides  a  suitable  large  display  space  with  an  adequate  palette  range.  Its  wide 
support  across  the  diverse  range  of  personal  computer  platforms  also  made  it  a  practical  choice  with  regard  to 
the  issues  of  hardware  and  software  support. 

As  previously  noted,  the  file  format  is  .JPG.  Since  .JPG  is  a  compressed  image  format,  a  decompression 
procedure  had  to  be  written.  A  number  of  the  decompression  parameters  are  not  fixed  and  require  a  careful 
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choice  tor  optimum  performance,  particularly  where  the  parameters  interact.  The  choices  include  the  final  image 
dimensions,  single  or  double  pass  quantisation,  a  range  of  discrete  inverse  cosine  transforms,  the  method  or 
absence  of  image  dithering,  and  the  number  of  colours  used  in  the  final  image.  For  this  application,  single  pass 
quantisation  is  used  for  its  timely  processing  of  reasonable  quality  images.  The  standard  (type  3)  transform  is 
fast  and  provides  adequate  images.  Ftoyd-Steinberg  dithering  was  found  to  provide  the  most  realistic  image 
quality  with  minimal  overheads.  As  the  generation  of  a  new  screen  image  takes  about  0.5  second  with  a  150 
MHz  Pentium,  the  operation  appears  relatively  interactive. 
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Because  of  the  target  computing  environment,  the  training  aid  had  to  be  capable  of  operating  with  a  Microsoft 
DOS  6  2  operating  system.  This  presented  some  interesting  problems  as  there  is  little  support  for  the 
screen  resolution.  Code  had  to  be  developed  in  full,  rather  than  relying  on  such  luxuries  as  dynamically  linked 
libraries  to  supply  many  of  the  functions.  The  image  processing  routines  were  adapted  from  those  of  the 
Independant  JPEG  Group  (IJG).  While  these  routines  were  largely  successful  and  reliable  and  are  easily 
incorporated  into  the  mainline  program,  over-reliance  on  these  codes  may  have  resulted  in  palette  control 
problems. 


In  order  to  achieve  the  greatest  flexibility,  the  number  of  colours  available  for  image  display  should  be  as  high  as 
possible.  For  SVGA,  the  colours  available  for  display  are  stored  in  a  palette  of  256  24  bit  locations.  Dunng 
loading  of  the  .JPG  image,  its  palette  information  is  transferred  to  the  display  palette.  This  was  done  by  code 
supplied  by  the  IJG.  Depending  on  the  number  of  colours  used  in  the  image,  this  code  may  not  always  load  me 
full  256  colours.  However,  if  256  colours  are  loaded,  those  palette  locations  already  designated  for  display  of  the 
auxiliary  data  will  be  overwritten.  The  radiation  pattern  image  will  display  correctly  but  other  sections  of  the 
display  will  appear  in  unpredictable  colours.  To  overcome  this  a  technique  had  to  be  devised  to  force  those 
colours  required  for  the  auxiliary  display  to  be  present  in  all  the  .JPG  images,  and  to  have  the  same 
location.  This  involves  the  capture  of  palette  data  from  a  sufficient  number  of  the  images  of  each  senes,  and  the 
creation  of  a  new  palette  which  includes  these  colours  and  the  colours  required  for  the  auxiliary  display.  The 
colour  order  is  then  adjusted  to  force  the  colours  for  the  auxiliary  display  into  the  required  locations.  This  palette 
is  then  used  in  3D  Studio  to  generate  the  complete  suite  of  .JPG  images. 


moube  prouiciiia. 

Considerable  difficulty  has  been  experienced  in  achieving  the  desired  program  control  from  the  mouse.  Mouse 
implementations  which  work  well  with  a  320  X  200  screen  resolution  had  to  be  rewritten  to  accornmodate  the 
640  X  480  resolution.  Although  mouse  movement  can  be  sensed  and  position  information  extracted,  the  cursor 
is  not  visible  in  the  640  X  480  mode.  In  addition  the  range  of  vertical  cursor  movement  available  is  limited  to  the 
top  half  of  the  screen.  Coding  at  a  low  level  will  no  doubt  be  needed  and  other  priorities  have  prevented  fully 
addressing  this  problem  at  this  time. 
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Due  to  the  limitations  of  the  DOS  environment,  memory  usage  is  a  sensitive  issue.  Problems  often  do  not 
become  evident  immediately  but  occur  when  other  unrelated  programs  are  run,  indicating  over-writing  of  areas  of 
the  operating  system.  Careful  construction  and  checking  of  the  code  is  required  to  prevent  sporadic  corruption  of 
critical  memory  areas. 


The  training  aid  being  developed  has  shown  considerable  potential  in  the  conveying  of  the  complexities  ot 
antenna  radiation  patterns.  Reusable  procedures  have  been  devised  that  greatly  simplify  the  process  of  image 
creation.  Although  skill  in  both  antenna  modelling  and  the  use  of  3D  Studio  are  re-requisites,  the  process  its^  is 
largely  routine  providing  that  the  established  procedures,  structures  and  hierarchies  are  observed.  Some  work  is 
still  to  be  done  in  developing  a  reliable  and  intuitive  viewer  for  the  images. 
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Abstract:  The  paper  describes  the  f  ieldinspec- 
tor,  a  3D  system  for  graphical  EM-field  represen¬ 
tations  including  animations.  Conceptually  the  user 
may  interactively  construct  both  fiat  and  curved  sur¬ 
faces  in  3D.  Then,  ike  EM-field  is  drawn  on  these  al¬ 
most  arbitrarily  located  surfaces,  using  arrows,  shad¬ 
ing,  contour  lines,  field  lines  etc. 

The  fieldinspector  needs  any  calculation  pro¬ 
gram  being  able  to  give  the  E-  and  H-vectors  in  any 
particular  point.  The  interface  to  this  external  pro¬ 
gram  is  described  in  this  paper.  The  fieldinspec¬ 
tor  calculates  all  other  vectors  and  scalar  quantities 
and  ‘draws’ them  into  an  arbitrary  number  of  viewers 
to  show  the  same  field  from  different  view  points  and 
in  different  magnifications.  In  each  viewer  a  sep¬ 
arate  animated  representation  may  be  created.  For 
teaching  purposes  the  fieldinspector  is  currently 
installed  in  the  students  computer  network  at  the 
Swiss  Federal  Institute  of  Technology. 

1.  Introduction 

The  graphic  representation  of  EM  fields  is  very  useful 
for  getting  a  deep  understanding  of  the  field  behav¬ 
ior.  In  this  paper  we  describe  the  fieldinspector. 
a  3D  system  for  graphical  field  representations  in¬ 
cluding  animations.  Note  that  the  fieldinspector 
is  not  a  field  calculation  program  but  only  a  tool  to 
draw  nice  pictures  of  electromagnetic  fields  which  are 
calculated  by  a  second  program  called  f  ieldcalcu- 
lator.  For  the  examples  in  this  paper  the  MMP- 
package  [1]  was  the  f  ieldcalculator. 

Figure  1  gives  the  principle  interaction  scheme 
between  the  fieldinspector  and  the  f ieldcalcu¬ 
lator. 

In  the  first  (and  main)  part  of  this  paper  we  de¬ 
scribe  the  fieldinspector  from  the  users  point  of 
view.  Section  2  treats  the  principles  of  construct¬ 
ing  geometrical  objects  such  as  lines  and  surfaces  on 
which  the  fields  are  to  be  represented.  In  section 
3  we  discuss  all  the  possibilities  for  ‘drawing’  fields, 
while  section  4  deals  with  amimations.  The  features 
for  numerical  field  output  as  well  as  the  integration 
of  specific  field  quantities  is  treated  in  section  5.  Fi¬ 
nally,  in  section  6  we  discribe  the  fieldinspector 
form  the  ’s  point  of  view  and  discuss  the  interface 


between  the  two  programs. 

2.  The  Construction 
of  Geometrical  Objects 

The  fields  to  be  drawn  are  real  3D  vector  fields.  Since 
it  is  usually  too  complicated  to  look  at  real  3D  fields 
at  one  time  the  fieldinspector  shows  fields  only  on 
surfaces  being  constructed  by  the  user.  For  this  pur¬ 
pose  the  fieldinspector  includes  a  3D  construction 
tool  which  we  briefly  describe  in  this  section. 

The  fieldinspector  allows  you  to  look  at  all 
constructed  object  by  viewers  (i.e.,  a  window  on  the 
screen).  Each  viewer  gives  a  picture  of  the  same 
situation  but  from  a  different  point  of  view.  The 
mouse  cursor  may  be  used  in  any  view'er  to  set  points. 
In  the  second  construction  step  several  points  define 
lines.  Both  straight  lines  and  circular  arcs  are  pos¬ 
sible.  The  third  construction  step  produces  surfaces 
from  lines  and/or  points.  E.g.,  three  points  define  a 
parallelogramm  or.  as  a  second  example,  a  line  to¬ 
gether  with  a  revolution  axis  and  a  revolution  angle 
define  a  surface  of  revolution. 

Any  point,  line  or  surface  may  be  both  moved 
along  an  arbitrary  vector  at  any  time  and/or  ro¬ 
tated  around  an  arbitrary  axis  and/or  stretched  or 
shrinked  with  different  factors  in  different  directions. 


Figure  1;  Two  programs  are  working  together.  The 
fieldinspector  asks  for  the  field  values  —  electric 
field  E  and  magnetic  field  H  —  and  the  material 
properties  (permittivity  e,  permeability  p  and  con¬ 
ductivity  <t)  at  a  given  location  x,y,  z.  The  field- 
calculator  delivers  these  values  auid  then  the  field- 
inspector  draws  nice  pictures. 
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Since  we  want  to  draw  fields  on  these  geometrical 
objects,  there  is  a  grid  on  the  surfaces  which  may 
be  adjusted  at  any  time  in  order  to  draw,  e.g,,  more 
arrows  on  the  same  surface. 

Note  that  the  (fixed)  geometry  of  the  situation  is 
constructed  and  then  drawn  in  the  same  way  cis  the 
surfaces  for  field  representations.  However,  for  a  typ¬ 
ical  f  ieldinspector-session  the  fixed  model  of  the 
particular  problem  is  usually  preloaded  and  drawn 
in  a  non  transparent  way  while  the  surfaces  for  field 
representations  are  drawn  as  wire  grids  in  order  to 
look  through  them. 


3.  The  Representation  of  Fields 

Points,  lines  or  surfaces  (being  constructed  interac¬ 
tively  as  described  in  the  previous  section)  may  be 
selected  by  simple  mouse  click.  A  further  click  on 
“Compute  field”  makes  the  f  ieldinspector  asking 
the  f  ieldcalculator  for  the  field  values  on  the  se¬ 
lected  locations.  Let  us  use  the  generic  term  field 
surface  for  the  geometrical  object  including  the  cal¬ 
culated  field  values,  even  when  the  field  is  calculated 
only  on  a  line.  Thus,  each  click  on  “Compute  field” 
creates  a  field  surface. 

Since  the  f  ieldinspector  is  basicalh'  written  for 
the  representation  of  time  harmonic  fields  (with  an¬ 
gular  frequency  w  and  time  dependency)  the 

knowledge  of  the  complex  values  of  both  the  electric 
field  E,  the  magnetic  field  H  and  the  possibly  com¬ 
plex  material  parameters  €  (permittivity),  (i  (perme¬ 
ability)  and  (T  (conductivity)  are  sufficient  for  calcu¬ 
lating  the  still  complex  fields 

D  =  tE  displacement  current  density 
B  =  nH  magnetic  induction  (1) 

j  =  crE  conduction  current  density 


and  the  complex  Poynting  vectors 

S'-'  =  Ex  H, 

S  =  ExH’. 


(2) 


Instantaneous  values  at  the  time  t  for  these  field 
quantities  are  easily  obtained  by  multiplying  the 
complex  vectors  by  6“*“"  and  then  taking  the  real 
part-'.  The  1  ieldinspector  always  draws  instanta¬ 
neous  values  of  (in  general)  time  dependent  values®. 

For  each  field  surface  the  f ieldinspector  may 
execute  one  or  more  plot  jobs.  A  plot  job  is  specified 
by 

•  the  field  to  be  drawn  {E,  H,  D,  B,  j,  S  or  (5)) 

■'  The  Poynting  vector  is  S(t)  =  jJ?  (S  J-  S~-e“^“^'). 

®  The  time  mean  value  of  the  Poynting  vector,  {5)  := 
is  also  possible. 


Figure  2:  All  pictures  show  the  instantaneous  value 
of  the  electric  field.  The  field  is  evaluated  on  the 
4x11  rectangle  (44  field  points)  which  is  at  a  dis¬ 
tance  d  parallel  to  the  j/-r-plane.  The  underlying 
problem  is  a  sending  vagi  antenna  with  the  active 
element  on  the  x-axis,  four  directors  along  y  >  0  and 
the  reflector  at  <  0.  The  picture  at  the  top  gives 
the  geometry  of  the  situation  only,  the  second  pic¬ 
tures  draws  simple  needles  while  the  two  pictures  at 
the  bottom  give  two  differently  shaped  arrows.  Note 
the  grid  lines  which  are  partly  in  front,  partly  behind 
the  arrows/triangles.  This  is  done  for  giving  a  more 
spacial  impression  of  the  field. 

Figure  3  on  the  next  page  gives  more  drawings  of  the 
same  field. 
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•  the  time  phase  angle  (obsolete  for  (5)  and  for 
animated  representations  [see  below!]) 

•  a  scaling  factor  (depends  on  the  field  to  be  drawn) 

•  the  kind  of  field  representation  (vectorial:  nee¬ 
dles.  triangles,  thick  arrows,  octagons;  scalar: 
shading,  contour  lines  [flat  or  lifted  with  optional 
logarithmic  scaling]).  See  figs  2  and  3. 

•  Grid  option:  Turns  the  drawing  of  the  geometri¬ 
cal  object  on /off. 

Note  that  the  combination  of  different  plot  jobs  for 
the  same  field  surface  opens  a  wide  variety  of  more 
sophisticated  representations.  One  can  draw  both  E- 
and  .^-fields  at  the  same  time,  or  the  combination  of 
triangles  and  octagons  for  the  same  field  leads  to 
the  "thumb  nail  arrows”  (middle  of  fig.  3)  giving  an 
improved  impression  of  the  fields  spatial  direction. 


Figure  S'.  The  field  of  the  yagi  antenna  shown  in 
fig.  2  may  be  drawn  in  different  ways.  While  the  oc¬ 
tagons  on  top  are  less  impressive  the  “thumb  nail 
arrows”  —  obtained  as  a  simple  ‘superposition’  of  the 
triangles  in  fig.  2  and  the  octagons  at  the  top  of  this 
figure  —  in  the  middle  are  much  more  instructive.  At 
the  bottom  contour  lines  of  the  field  are  shown. 

More  sophisticated  representations  as  well  as  ra¬ 
diation  patterns  are  given  in  figs  4-6. 


Figure  A:  The  field  around  the  yagi  antenna  shown  in 
figs  2  and  3  may  also  be  shown  on  curved  surfaces. 
The  picture  shows  the  instantaneous  value  of  the 
Poynting  vector  using  both  contour  lines  and  “thumb 
nails”  which  makes  a  total  of  three  plot  jobs  for  the 
same  field  (two  for  the  thumb  nails,  one  for  the  con¬ 
tour  lines). 


Figure  5:  This  figure  shows  the  radiation  pattern  of 
the  yagi  antenna  shown  in  previous  figures.  The  an¬ 
tenna  is  located  in  the  center  of  the  circles.  The  nee¬ 
dles  on  the  circles  represent  the  time  mean  value  of 
the  Poynting  vector. 


The  f  ieldinspector  offers  also  field  lines  to 
show  the  spacial  behavior  of  the  Poynting  vectors 
time  mean  value.  (Time  dependent  field  lines  are 
hardly  ever  useful  nor  are  they  supported  by  the 
fieldinspector.)  Starting  on  the  n  x  m  points  of 
a  surface,  field  lines  of  (S)  may  be  drawn.  In  many 
cases  true  3D  field  lines  are  more  disturbing  than 
desiring  your  mind.  The  fieldinspector  partly 
overcomes  this  problem  by  drawing  a  grid  which  may 
be  moved  along  the  field  lines,  i.e.,  each  grid  points 
is  shifted  along  its  field  line.  The  result  is  a  mov¬ 
ing  grid  regularly  starting  on  the  field  surface  and 
later  being  distorted  in  space.  See  figs  7  and  8  for  an 
example. 
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Figure  6:  The  radiation  pattern  of  the  yagi  antenna 
(located  in  the  center  of  the  sphere)  is  shown  using  a 
contour  plot  of  the  Poynting  vector’s  time  mean  value 
on  a  half  sphere  with  a  radius  of  15  wavelengths. 


4.  Animations 

Picture  field  plots  are  nice  to  look  at  but  it  is  even 
nicer  to  see  movies.  First  of  all,  time  dependencies 
are  quite  naturally  shown  in  turn,  one  situation  after 
the  other.  In  such  a  way  the  time  behavior  of  fields  is 
easily  understood.  However,  a  second  aspect  of  ani¬ 
mated  representation  is  evenly  important:  Since  the 
true  3D-fields  must  be  mapped  onto  a  tw^o  dimen¬ 
sional  screen,  some  information  is  lost  in  any  case. 
By  moving  (most  preferable:  rotating)  a  3D  static 
object  the  human  observer  becomes  a  much  better 
idea  of  the  spaciousness. 

The  f  ieldinspector  offers  both  options:  the 
time  film  and  the  rotation  film.  A  click  to  “Create 
Film’'  builds  up  a  normal  time  film  which  automat¬ 
ically  advances  the  time  phase  of  all  field  plots  by 
20“  resulting  in  18  pictures  per  full  cicle.  A  second 
“Create  Film”  option  only  rotates  the  viewer  around 
an  axis  by  a  certain  angle.  Both  the  axis  and  the 
angle  may  be  specified  by  the  user.  Finally  the  mov¬ 
ing  field  line  grid  mentioned  at  the  end  of  section  3 
and  shown  in  figs  7  and  8  may  also  be  showm  in  an 
animated  way. 

Creating  a  film  actually  produces  a  series  of 
bitmaps  which  may  be  run  later  on,  either  by  step¬ 
ping  forward  or  backward  one  picture  a  click  or  by 
running  it  at  a  rate  of  about  10  pictures  per  sec¬ 
ond.  For  time  harmonic  fields  the  film  is  repeated 
always  starting  from  the  first  picture  while  for  rota¬ 
tion  films  (with  total  rotation  angle  less  than  360“) 
and  for  moving  field  line  grids  the  film  may  be  re¬ 
peatedly  run  forw'ard  and  backward. 


Figure  7:  The  picture  shows  a  series  of  dotted  grids 
which  follow  the  field  lines  of  the  Poynting  vectors 
time  mean  value.  See  fig.  8  on  the  next  page  for  the 
field  lines  itself. 

Note  that  the  field  lines  start  on  the  curved  surface 
which  was  already  used  in  fig.  4.  The  distortion 
of  the  grid  towards  the  right  hand  side  indicates  a 
stronger  radiation  in  that  direction:  The  finer  the 
distorted  grid  the  stronger  is  the  radiation. 
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Fioxire  8:  The  same  as  the  bottom  picture  of  fig.  7 
but  with  added  field  lines  of  the  Poynting  vectors 
time  mean  value.  Most  field  lines  are  pointing  to  the 
right  which  is  the  direction  of  main  ration. 

5.  Integrals  and  Numerical  Output 

Though  graphic  field  representations  are  very  useful 
to  obtain  a  qualitative  impression  of  the  EM-field 
behavior  one  may  be  interested  in  numerical  values 
as  well.  The  fieldinspect or  offers  two  features  for 
this  purpose: 

•  numerical  field  values  at  any  location,  both  com¬ 
plex  amplitudes  or  instantaneous  values  of 

E,  H,  D,  B,  J,  S  or  (5) 

•  integrals  of  fields  along  user  definable  lines  or  sur¬ 
faces: 

o  J  E  ■  dl  (voltage) 
o  f  H  ■  dl  (current,  if  closed  line) 
o  f  D  ■  dA  (charge) 
o  J  B  ■  dA  (magnetic  flux) 
o  J  j  ■  dA  (conduction  current) 
o  -iu  j  D  ■  dA  (displacement  current) 
o/(J  -  iuiD)  ■  dA  (total  current) 
o  J  S  ■  dA,  /  5~  •  dA  (complex  powers) 

Thereby,  dl  is  the  vectorial  line  element  and  dA  is 
the  vectorial  surface  element  pointing  normal  to  the 
surface. 


the  same  directory.  This  information  is  split  into 
two  groups:  the  file  for  the  f  ieldinspector  (with 
default  name  MODEL)  and  the  file(s)  for  the  field- 
calculator.  To  make  things  more  clear  we  describe 
the  actual  procedure  to  be  performed  for  calculating 
the  field  in  a  single  point  of  a  particular  problem. 
After  having  started  the  f  ieldinspector,  you  have 
to 

(I)  find  the  working  directory  in  the  f  ieldinspec¬ 
tor ’s  filer  and  double  click  MODEL.  This  file  con¬ 
tains  the  geometry  of  the  problem  in  f  ieldin¬ 
spector  format.  If  MODEL  is  empty  the  fol¬ 
lowing  procedure  still  works  but  you  see  at  the 
beginning  only  free  space  (i.e.,  nothing  than  the 
coordinate  axes)  in  the  f  ieldinspector 's  view¬ 
ers.  The  f  ieldinspector  automatically  opens 
unix-pipes  and  starts  the  f  ieldcalculator  as  a 
child  process  using  the  command  which  has  been 
specified  in  the  respective  command  line  option 
of  the  fieldinspector.  The  fieldcalculator 
usually  assumes  the  presence  of  some  input  files 
containing  the  full  information  of  the  problem  in 
its  own  format. 

©  Now  the  fieldcalculator  is  in  a  “waiting  for 
input”  status.  As  soon  as  the  fieldinspector 
needs  a  field  value  the  following  two  line  string  is 
sent  to  the  fieldcalculator: 

102  0 
1  X  y  z 

The  first  line  contains  the  key  sequence  for  sin¬ 
gle  points  and  the  second  line  contains  an  inte¬ 
ger  key^  plus  the  coordinates  of  the  field  point. 
The  f  ieldcalculator ’s  answer  on  this  request 
are  the  six  lines 

202  0 

domain  number 

Err  Bxi  Eyr  Eyi  E^r  E^j 

Hxr  Hxi  Hyr  Hyi  Hxr  H xi 

waiting  for  input 
waiting  for  input 


6.  The  Interface 

fieldinspector  —  fieldcalculator 

As  already  mentioned  in  the  introduction  the  field- 
inspector  w'orks  together  with  the  fieldcalcula¬ 
tor.  The  latter  is  a  second  program  performing  the 
evaluation  of  the  EM  field.  The  name  of  the  field- 
calculator  program  may  be  specified  in  a  command 
line  option  of  the  fieldinspector.  Note  that  the 
fieldcalculator  is  only  started  on  request. 

It  is  supposed  that  all  the  information  needed  for 
one  particular  problem  is  stored  in  files  located  in 


The  first  line  is  the  answer  key  sequence  for  single 
points,  the  second  line  contains  the  integer  num¬ 
ber  of  the  domain-^,  the  third  line  is  for  E  (carte¬ 
sian  components,  real  and  imaginary  parts)  and 
the  forth  line  is  for  H. 

For  a  full  regular  m  x  n-array  of  field  points,  the 

^  1  stands  for  total  field.  —1  for  the  scattered  field  only. 

^  A  list  of  domains  and  their  matericd  parameters  is  stored 
in  MODEL.  If  MODEL  is  empty,  the  fieldinspector  uses 
vacuum  pEU-ameters. 
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f  ieldinspector  sends  only  five  lines; 


104  0 
Xc  yc  2c 
xi  yi  2i 
X2  y2  22 
m  n  0  1 


where  the  vectors  =  (ic.ycTXc),  vi  =  (xi,yi,2i) 
and  V2  =  (x2,y2.22)  specify  a  parallelogram  (center 
fc  and  sides  vi  and  V2).  m  and  n  are  the  number  of 
points  along  vi  and  V2  respectively.  The  fieldcal- 
culator’s  answer  for  this  request  is 


204  0 


domain  number 


Er, 

Er 


Ext  Eyr  Eyi  Ext  Ezi 
Hxi  Hyr  Hyi  Hzr  Hzi 


waiting  for  input 
waiting  for  input 

with  lines  2-4  repeated  m-n  times.  The  order  of 
the  points  is  ‘row  by  row’  where  one  row  contains  m 
fieldpoints  on  a  line  parallel  to  Ui. 


7.  Closing  Remarks 

The  f  ieldinspector  is  essentially  the  graphic  part 
of  Peter  Regli’s  mmptool  [2].  Several  features  have 
been  removed,  others  are  new.  The  goal  was  to  cre¬ 
ate  a  tool  being  independent  from  a  particular  field 
calculation  program.  The  f  ieldinspector  is  cur¬ 
rently  installed  in  the  students  computer  network  at 
the  Swiss  federal  institute  of  technology  to  give  stu¬ 
dents  the  opportunity  to  look  at  the  fields  in  their 
way  rather  than  in  the  teachers  way. 

The  program  runs  on  sun  workstations  (Solaris 
2.5).  It  is  available  from  the  author. 
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Abstract. 

Antenna  radiation  patterns  can  be  represented  as  three-dimensional  surfaces  in  space,  with  gain  being  specified 
with  respect  to  azimuth  and  elevation.  The  data  required  to  specify  a  wide  band  antenna  pattern  over  its  upper 
hemisphere,  at  angular  and  frequency  resolutions,  sufficiently  fine  to  capture  its  salient  features  and  for  its 
complete  frequency  range,  is  not  insignificant.  Timely  access  to  this  amount  of  data  in  a  limited  computing 
environment  can  present  difficulties.  This  paper  describes  some  of  the  work  being  done  at  ATEA  using  data 
compression  techniques  to  reduce  this  problem. 

Background. 

The  Australian  Defence  Force,  particularly  the  Army  and  Navy  make  significant  use  of  High  Frequency  (HF) 
communications  for  a  variety  of  scenarios.  The  effectiveness  or  otherwise  of  HF  communications  depends 
considerably  on  the  proper  choice  and  use  of  the  antennas  at  both  ends  of  the  communications  path.  Reliable 
over-the-horizon  (OTH)  HF  communications  continue  to  present  an  interesting  and  complex  challenge. 

One  part  of  the  OTH  communications  equation  is  the  temporal  and  spatial  characteristics  of  the  ionosphere. 
Computer  packages  provide  a  systematic  approach  to  working  with  the  vagaries  of  the  ionosphere.  They  exploit 
the  daily,  yearly  and  11 -yearly  cyclic  nature  of  the  ionosphere,  refined  with  current  measurements  of  ionospheric 
parameters.  They  have  met  with  varying  degrees  of  success  in  predicting  path  loss,  critical  frequencies, 
propagation  mode  and  many  other  HF  communications  parameters. 

Another  vital  part  of  the  equation  is  the  proper  application  of  antennas.  This  involves  a  knowledge  of  the 
radiation  characteristics  of  antennas  at  both  ends  of  the  communications  path.  Most  predictors  contain  some 
representation  of  antenna  patterns  for  a  range  of  different  antennas.  This  embedded  data,  possibly  because  of 
data-storage  limitations,  generally  represents  either  a  single  elevation  cut  of  the  pattern  along  the  major 
electromagnetic  axis  of  the  antenna,  or  at  worst  an  omnidirectional  radiator.  The  latter  represents  a  trivial 
solution.  The  former  assumes  that  the  antenna  is  always  pointed  directly  towards  the  distant  station  -  not  always 
the  case,  particularly  when  communicating  with  multiple  locations.  A  further  complication  arises  because  the 
radiation  pattern  not  only  changes  shape  with  frequency,  but  the  major  axis  may  not  necessarily  remain  aligned 
relative  to  the  antenna.  If  the  predictor  has  access  to  antenna  gain  data  across  the  frequency  band  then  these 
problems  can  be  accommodated.  For  this  reason  Australia’s  ATEA  is  developing  software  which  incorporates  an 
ionospheric  predictor  and  full  circle  antenna  pattern  data.  This  capability  is  being  developed  to  optimise  the 
choice  of  antenna  types,  locations  and  orientations,  frequencies  and  transmission  times  over  wide  areas  and 
with  a  variety  of  geographic  and  communications  scenarios.  The  package  has  been  called  HAGGAI  and  its 
‘MAP’  screen  is  shown  in  Figure  1. 


Fig  1:  HAGGAI  in  its  'map'  mode  (geographic  display  of  data) 
showing  a  prediction  of  percentage  availability  using  a  steerable 
log  periodic  antenna.  This  mode  is  the  most  computationally 
inter\sive,  each  screen  image  requiring  some  5000  calls  to  the 
antenna  gain  data  for  each  transmission  mode  under  consideration. 
This  is  further  increased  for  each  alternate  antenna  which  may  be 
considered  in  an  optimising  strategy.  It  is  a  two  pass  operation, 
initially  creating  large  'pixels'  of  data  with  coarse  steps  of  latitude 
and  longitude,  followed  by  one  tenth  this  resolution  in.  user- 
designated  target  areas.  This  considerably  reduces  processing  time, 
quickly  displaying  the  overall  perspective,  while  still  providing  fine 
resolution  where  needed. 
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Compression  of  the  antenna  data  in  a  way  which  will  also  provide  fast  retrieval  as  well  as  interpolation  between 
the  original  data  points,  is  clearly  desirable  and  is  the  subject  of  work  at  ATEA. 


Antenna  pattern  datasets.  ^ 

The  antenna  data  is  generated  using  ATEA’s  AutoNEC  capability.  This  uses  a  customised  version  of  AutoCAD 
as  apre-  and  post-  processor  for  the  Lawrence  Livermore  Laboratory’s  Numeric  Electromagnetics  Code  (NEC), 
to  create  antenna  model  geometry.  ATEA  is  currently  running  NEC-2.  The  outputs  of  multiple  NEC  runs  over 
the  frequency  range  of  interest  are  collated  into  single  files  of  antenna  gain  data.  If  needed,  these  can  be  read 
by  AutoCAD  to  generate  three  dimensional  surfaces  of  antenna  gain  for  visualisation  purposes. 


When  the  work  was  commenced,  a  range  of  antenna  pattern  datasets  was  already  available  from  other 
activities.  Antenna  types  ranged  from  simple  dipoles  in  free  space,  or  above  real  grounds,  through  vehicle  and 
aircraft  mounted  antennas,  to  large  antennas  such  as  log  periodic  arrays  and  rhombics.  Five  antennas  were 
selected  for  this  investigation  to  provide  a  diverse  range  of  pattern  types.  These  were  the  vertical  whip, 
horizontal  dipole,  steerable  tog  periodic,  vertical  delta,  and  a  helicopter  wire  antenna.  Some  work  was  also  done 
with  a  rhombic  antenna.  As  the  antennas  were  essentially  ground-based,  the  datasets  only  contained  data  on 
the  upper  hemisphere.  Polarisation  effects  were  also  ignored  at  this  stage,  although  they  could  be  processed  by 
the  same  techniques. 
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Fig  2:  Normalised  gain  plots  for 
the  horizontal  dipole,  bidirectional 
delta,  helicopter  and  rhombic 
antennas. 
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These  images  represent  antenna 
gain  patterns,  sampled  at  5  degrees 
in  azimuth  and  elevation,  and  at 
five  frequencies  across  the  band. 
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Antenna  pattern  statistics. 

Examination  of  many  antenna  pattern  datasets  indicates  that  for  most  ‘well  behaved'  antennas  (those  that  are 
not  physically  large  or  at  a  significant  distance  above  the  earth)  antenna  gain  data  sampled  at  5  degree 
increments  in  azimuth  and  elevation  provides  sufficient  resolution.  This  gives  1368  points  per  frequency  for  the 
upper  hemisphere.  To  store  this  data  as  real  numbers  at  1  MHz  steps  across  the  HF  band  (perhaps  an  overkill), 
169  kbytes  is  required.  Larger  antennas  such  as  rhombics,  or  antennas  significantly  above  the  ground  can  have 
quite  complex  patterns  and  require  finer  angular  resolution  to  specify  the  detailed  structure.  Thus,  the  rhombic 
antenna,  some  600  feet  in  length,  is  undersampled  at  5  degree  increments.  In  addition,  this  antenna  was 
modelled  up  to  30  MHz,  well  above  the  operating  frequency  range.  This  greatly  contributes  to  sidelobe 
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development,  particularly  at  higher  frequencies.  It  was  included  in  this  work  to  investigate  the  limitations  of  the 
compression  techniques  and  was  to  prove  difficult  to  compress  successfully  across  the  whole  band. 

Compression  techniques. 

The  compression  of  any  dataset  is  a  process  which  extracts  the  essence  of  the  data.  This  is  generally 
performed  by  means  of  transformations  based  on  sets  of  orthonormal  functions.  The  compressed  data  only 
contains  those  coefficients  considered  ‘significant’,  the  discarded  terms  resulting  in  at  least  part  of  the 
compression.  A  number  of  transforms  could  be  candidates  for  this  application.  They  include  the  Discrete 
Fourier  Transform  (DFT),  the  Discrete  Cosine  Transform  (DCT),  and  the  Discrete  Walsh  (or  Hadamard) 
Transform  (DWT).  Literature  abounds  with  references  to  the  use  of  these  transforms,  often  in  relation  to  image 
compression  or  enhancement.  Fractal  compression  is  another  possible  technique,  but  it  was  considered  too 
esoteric  at  this  stage  to  yield  a  solution  in  the  time  required.  In  this  investigation,  the  Fourier,  Cosine  and  Walsh 
Transforms  were  considered.  Early  work  with  the  DWT  showed  some  initial  promise  and  it  is  well  suited  to  fast 
computer  coding.  However  it  introduced  discontinuities  in  the  recovered  data  which  could  only  be  reduced  by 
increasing  the  number  of  significant  terms  at  the  expense  of  compression  ratio.  The  end  application  also 
required  interpolation  of  data  between  the  original  data  points,  and  the  DWT  does  not  readily  support  this.  Both 
the  DFT  and  DCT  performed  well,  with  the  DCT  providing  marginally  better  compression  in  most  cases.  Thus 
the  development  has  concentrated  on  the  DCT. 

The  Discrete  Cosine  Transform  is  given  by 
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where: 

f(x,y)  is  the  input  data,  in  this  case  an  antenna  radiation  pattern  dataset  having  Nj  points  in  azimuth  and  N2  points 
in  elevation, 

F(u,v)  is  a  Ni  by  N2  set  of  DCT  coefficients. 


C(z)=l/^/2  r/ z=  Oothenwise  C(z)=0  ,and 


Ni  =  the  number  of  azimuth  data  points  is  72,  and  N2  =  the  number  of  elevation  points  is  1 9  (for  the  upper 
hemisphere  of  5  degree  resolution  antenna  patterns). 

As  HAGGAI  uses  frequencies  which  are  integer  MegaHertz,  it  was  not  considered  necessary  at  this  point  to 
address  compression  in  the  frequency  domain.  Further  work  may  show  that  this  is  also  feasible  resulting  in  a 
further  reduction  of  the  total  dataset  size  for  any  particular  antenna.  This  will  inevitably  increase  the 
decompression  time,  and  is  not  warranted  in  an  application  which  does  not  require  frequency  interpolation. 

The  DCT  is  not  a  component  by  component  transformation  as  all  the  output  values,  F(u,v),  depend  on  all  the 
input  values,  fix,y).  The  transformation  Is  also  lossless  (within  the  limits  of  computer  rounding)  and  the  original 
values  can  be  recovered  from  the  full  set  of  coefficients  by  applying  the  inverse  transform: 
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Allowing  x  and  y  to  assume  non-integer  values  in  the  inverse  transform  permits  interpolation  in  azimuth  and 
elevation  between  the  points  of  the  original  dataset. 
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Many  of  the  DCT  coefficients  are  at  or  near  to  zero.  If  those  terms  below  a  given  threshold  are  neglected,  a 
compression  results.  A  higher  threshold  will  result  in  greater  compression.  However,  if  the  threshold  is  set  too 
high  then  the  decompression  will  become  lossy  and  tracking  between  the  input  and  output  datasets  will  be 
degraded.  The  choice  of  this  threshold  will  depend  on  the  nature  of  the  input  dataset,  and  on  the  required 
tracking  accuracy. 

Compression  criteria.  ,  .  ^  *  u 

In  order  to  compare  different  compression  techniques  and  parameters,  a  set  of  test  critena  needed  to  be 
developed.  The  choice  will  vary  depending  on  the  nature  of  the  end.  The  maximum  tracking  error  between 
input  data  and  the  decompressed  data  should  be  appropriate  in  the  context  of  Input  data  uncertainty.  This  in 
turn  will  depend  not  only  on  the  accuracy  of  the  antenna  pattern  data  computed  by  NEC,  but  also  ori  the  degree 
to  which  the  NEC  model  represents  the  actual  antenna,  and  the  antenna’s  day-to-day  variability.  If  the 
compressed  model  is  to  be  embedded  in  an  ionospheric  predictor  then  predictor  uncertainties  should  also  be 
considered.  For  incorporation  in  the  ionospheric  prediction  software  described  above,  the  following  were 
considered  appropriate: 

•  The  dynamic  range  of  the  decompressed  antenna  pattern  should  not  be  less  than  20  db. 

•  Accuracy  of  the  maximum  antenna  gain  is  of  prime  significance 

•  Accuracy  of  the  minimum  antenna  gain  is  of  the  next  significance 

•  Accuracies  of  antenna  gains  between  maximum  and  minimum  are  of  less  significance. 

•  Tracking  of  antenna  gains  should  be  better  than  0.5  db  at  the  maximum  gain,  increasing  linearly  to  3  db  at  - 
20  db  below  maximum  gain. 

Methodology.  ... 

The  antenna  pattern  data  generated  by  NEC  was  first  converted  from  db  to  numeric  gam  in  preparation  for 
compression.  Numeric  gain  is  required  by  HAGGAl  and  will  be  recovered  by  decompression  without  additional 
conversion.  For  each  frequency,  the  maximum  gain  Gn  was  extracted  and  the  gains  normalised  to  1 .0.  It  was 
envisaged  that  the  compressed  data  will  be  stored  as  this  gain  factor  plus  a  series  of  coefficients,  thus  retaining 
the  same  dynamic  range  for  low  and  high  gain  antennas.  This  method  also  allows  a  simple  comparison  of  the 
process  against  both  low  and  high  gain  antennas  data. 

The  72  X  19  array  of  (normalised)  antenna  data  was  then  passed  through  a  two  dimensional  DCT,  yielding  a  72 
X  19  array  of  coefficients.  In  image  compression,  the  picture  space  is  typically  subdivided,  usually  into  groups  of 
8X8  pixels,  and  compression  applied  to  these.  Ideally  the  array  size  is  a  sub-multiple  of  the  data  space  size.  A 
19  X  18  subdivision  was  considered  in  this  application  and  although  processing  was  marginally  faster,  the  total 
number  of  coefficients  was  invariable  greater  for  the  same  tracking  error  because  of  the  number  of  groups  of 
coefficients  generated.  This  technique  may  have  advantages  for  ‘busy*  antenna  patterns  such  as  that  of  the 
rhombic. 

In  order  to  monitor  the  quality  of  the  processing,  the  inverse  transform  was  applied  and  the  original  and 
decompressed  datasets  compared.  For  this  purpose  a  special  display  was  devised.  This  consisted  of  a  2 
colour  display  of  the  original  data  as  square  blocks,  colour  corresponding  to  antenna  gain.  This  was  overlaid 
with  a  similar  display  of  the  decompressed  data  using  smaller  circular  patches  centred  on  the  original  squares. 
The  differences  in  colour  not  only  provide  a  very  sensitive  indicator  of  the  tracking  between  the  two  datesets,  but 
also  show  where  errors  occur.  Other  sections  of  the  display  showed  a  plot  of  the  ‘significant  coefficients,  a 
scatter  plot  of  input/output  tracking  and  various  other  parameters  associated  with  the  processing. 

At  this  point  it  became  apparent  that  the  tracking  limits  applied  at  gains  less  than  -20  db  should  not  simply  be 
linearly  varying  db  limits  as  first  envisaged.  For  this  application  an  antenna  gain  of  -30  db  below  the  maximum 
could  be  equally  well  represented  by  a  gain  anywhere  between  -20  and  -1000  db.  A  revised  set  of  lim'its  were 
chosen  with  a  constant  offset  from  the  input  numeric  gain  rather  than  an  increasing  offset  from  the  gam  in  db 
viz  if  Gi  is  the  normalised  input  numeric  gain,  then  the  upper  limit  is  Gi+k,  and  the  lower  limit  is  Gi-k.  By  setting  k 
=0.1  *  (V2  - 1) ,  the  upper  and  lower  limits  at  maximum  gain  (Gj=1)  are  just  under  0.5  db,  while  for  20  db  below 
maximum  gain  {Gi  =  0.1),  the  upper  limit  is  -17.9  db,  thus  approximating  the  limits  originally  envisaged  for  0  and  - 
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20  db.  The  corresponding  lower  limit  is  -24.6db.  At  even  lower  antenna  gains,  the  upper  limit  asymptotes  to  > 
27.6  db,  while  the  lower  limit  falls  to  large  negative  values.  This  ‘exponential’  variation  of  tracking  limits  provide 
a  more  realistic  metric  for  comparison  of  compression  strategies  over  a  wide  dynamic  range  as  shown  in  Figure 
3. 


Fig  3:  Display  for  bidirectional  delta  antenna,  showing  tracking  with  15  coefficients.  The  tracking  error  limits 
are  shown  as  the  solid  lines  on  the  scatter  plot.  The  grid  lines  represent  3  db  steps  from  0  to  -30  db.  I/P  = 
original  data  and  O/P  =  data  after  compression  and  decompression. 

As  the  array  pointers  of  each  DCT  term  are  required  during  decompression  as  the  variables  u  and  v ,  each  DCT 
coefficient  was  tagged  with  its  pointers  and  sorted  in  descending  order  of  absolute  magnitude. 

Tracking  error  variation  with  number  of  terms  used  in  the  decompression. 

To  detemnine  its  effect  on  the  tracking  error  of  the  decompressed  data  decompression  was  applied  to  the  range 
of  antennas  and  frequencies,  using  different  numbers  of  terms  in  the  expansion.  The  following  series  of  plots 
show  the  variation  of  worst  case  tracking  error  with  the  number  of  terms  used  In  the  decompression  The  results 
indicate  that,  with  the  exception  of  the  rhombic  antenna,  100  terms  is  adequate  to  recover  the  original  antenna 
pattern  within  the  proposed  tracking  error  limits.  A  rough  extrapolation  suggests  that  200  terms  might  be 
sufficient  for  the  rhombic.  However,  if  the  rhombic  antenna  pattern  were  sampled  at  a  resolution  finer  than  5 
degrees,  the  number  could  be  different. 
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Fig  4:  Worst  case  tracking  errors  outside  proposed  limits  plotted  against  number  of  terms  for  vertical  whip, 
horizontal  dipole,  steerable  log  periodic,  helicopter,  bidirectional  delta,  and  rhombic  antennas. 

Figures  5  to  9  are  scatter  plots  showing  data  recovered  by  decompression  against  the  original  data.  These  are 
termed  ‘output  -  db’  and  ‘input  -  db’  respectively.  If  the  process  Is  lossless  -  i.e.  no  tracking  error  exists,  all  points 
will  lie  on  a  straight  line  with  a  slope  of  +1  and  passing  through  (0,0).  Each  plot  contains  1368  data  points,  many 
of  which  are  co-incident.  With  the  exception  of  the  rhombic,  the  plots  cover  a  30  db  dynamic  range. 


4  m  vertical  whip  6  5  MHz,  35  terms 


4  m  vertical  whip  ©  30  MHz,  35  terms 


input -db  Input -db 


Fig  5:  The  vertical  whip  was  modelled  in  isolation  above  a  real  ground.  It  has  no  azimuthal  changes  in  gain,  the 
variations  in  elevation  being  well  behaved.  Tracking  error  data  is  for  35  terms  at  5  and  30  MHz.  The  whip 
pattern  can  be  recovered  adequately  from  as  low  as  10  terms  per  frequency  over  much  of  the  frequency  band. 


Horizontal  dipole  ©  10  MHz,  35  terms  Horizontal  dipole  ©  30  MHz,  100  terms 


Input  -  db  input  -  db 


Fig  6:  The  horizontal  dipole  is  modelled  above  a  real  groimd.  Its  gain  varies  considerably  with  both  azimuth  and  elevation. 
Significant  changes  in  the  character  of  its  radiation  pattern  also  occvir  with  frequency  and  height  above  ground.  Although 
the  tracking  error  is  not  as  low  as  that  of  the  vertical  whip,  35  terms  is  adequate  at  10  MHz,  and  100  terms  at  30  MHz. 
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Bidirectional  delta  @  30  MHz,  65  terms  Bidirectional  delta  ©  30  MHz,  100  terms 


input -db  input -db 

Fig  7:  The  bidirectional  delta  is  a  larger  antenna  and  thus  produces  a  more  complex  pattern.  Although  65  terms 
are  sufficient  at  10  MHz,  100  terms  must  be  used  at  30  MHz.  These  patterns  show  an  unexplained  'singularity' 
type  behaviour  at  an  input  of  -25  db.  A  single  input  data  value  is  recovered  as  a  range  of  output  values, 
depending  on  its  values  of  azimuth  and  elevation  on  the  radiation  pattern  hemisphere.  There  is  ako  evidence 
of  this  at  other  input  values,  although  the  magnitude  reduces  with  the  number  of  terms  in  the  expansion.  This 
behaviour  has  ako  been  observed  on  other  antennas,  but  fortunately  it  seems  to  be  restricted  to  normalked 
gains  below  -20  db,  and  generally  lies  within  the  proposed  error  limits. 

Rhombic  ©  10  MHz,  35  terms  Rhombic  ©  10  MHz,  100  terms 
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Fig  8:  The  rhombic  data,  as  previously  noted,  has  very  complex  patterns.  Thk  may  be  aggravated  by 
undersampling  in  azimuth  and  elevation.  Plots  have  been  extended  down  to  -60  db  as  a  considerable  number  of 
the  data  points  occur  below  -20  db.  At  10  MHz,  near  the  upper  frequency  limit  of  the  rhombic,  the  pattern 
cannot  be  recovered  with  the  required  tracking  error  with  100  terms.  However  because  the  major  tracking 
errors  occur  at  low  gains,  100  terms  does  provide  a  first  approximation  which  could  be  used  in  the  coarse 
resolution  mode  for  HAGGAI.  One  solution  for  such  'difficult'  antennas  would  be  to  save  200  coefficiaits  as 
two  records,  with  appropriate  changes  to  the  decompression  code  to  handle  the  extra  data.  Although  this  will 
approximately  double  processing  time,  it  will  still  yield  a  useful  result  with  only  minor  code  changes.  This 
proposal  will  have  to  be  re-examined  when  finer  resolution  rhombic  data  is  available. 

Horizontal  dipole  ©  5  MHz,  5  terms  Horizontal  dipole  ©  5  MHz,  5  terms  -  adjusted 
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Fig  9:  A  number  of  the  antennas  showed  an  upwards  trend  in  the  scatter  plots  below  -20  db,  particularly  when 
low  numbers  of  terms  are  used  in  the  decompression.  Increasing  the  number  of  terms  reduces  this.  However  a 
fixed  offset  applied  to  the  numeric  gain,  together  with  an  adjustment  to  the  overall  gain  to  maintain  the  data 
passing  through  (0,0),  the  performance  witii  only  five  terms  can  approach  that  with  35  or  more  terms.  Although 
not  needed  in  HAGGAI,  the  addition  of  the  single  offset  term  could  provide  a  dramatic  reduction  in  the  data 
storage  requirements  in  other  applications. 
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The  work  has  shown  that  100  terms  is  adequate  for  all  the  evaluation  antennas  except  the  rhombic.  Based  on 
this  assumption  a  record  structure  for  the  compressed  antenna  data  was  adopted.  This  consisted  of  a  single 
record  containing  the  normalising  gain  factor  Gn,  the  frequency  Fq,  plus  an  array  of  100  coefficient  terms,  with 
their  attached  pointers.  The  file  contains  one  record  per  frequency.  Although  the  fixed  record  size  of  100 
coefficients  will  provide  more  terms  than  necessary  for  antennas  such  as  the  vertical  whip  and  the  steerable  log 
periodic,  the  record  structure  is  small  enough  to  be  readily  handled  within  the  proposed  computing  environment, 
and  the  complication  of  processing  variable  size  records  is  avoided. 

Performance  parameters. 

Both  Gn  and  Fq  are  stored  as  single  precision  real  numbers,  each  occupying  4  bytes.  The  dynamic  range  of  the 
DCT  coefficients  Is  too  great  for  single  byte  representation,  thus  integer  format  is  used.  Together  with  their  byte 
array  pointers  each  coefficient  occupies  4  bytes.  Thus  each  frequency  occupies  408  bytes,  compared  with  the 
original  data  size  of  5472  bytes  (1368  real  numbers).  Specifying  an  antenna  across  the  HF  band  takes  12240 
bytes  compared  with  154  kbytes,  a  compression  of  92%. 

The  5000  antenna  gain  points  needed  to  refresh  the  HAGGAl  map  screen  are  computed  in  just  under  six 
seconds  using  a  150  MHz  Pentium  processor.  Although  this  is  slightly  longer  that  the  processing  time  of  the 
ionospheric  predictor  currently  employed  to  cover  the  same  area,  it  does  not  greatly  increase  the  overall  display 
refresh  time. 

Further  development. 

As  the  coefficients  are  stored  in  descending  order  of  magnitude,  an  opportunity  exists  to  use  a  subset  of  the 
DCT  terms  to  generate  an  initial  estimate  of  the  antenna  gain,  thus  reducing  processing  time  at  the  expense  of 
accuracy.  This  has  application  to  quickly  determine  whether  a  particular  location  is  outside  the  footprint  of  the 
selected  antenna,  so  that  processing  Is  not  wasted  on  locations  that  are  not  visible.  Some  work  has  commenced 
on  developing  a  convergence  test  to  determine  where  to  truncate  the  number  of  terms  to  achieve  a  given 
accuracy.  This  will  be  a  function  of  the  entropy  of  the  antenna  pattern  and  may  require  an  additional  control 
parameter  to  be  stored  for  each  frequency. 

Another  opportunity  for  faster  decompression  arises  because  the  variation  in  antenna  gain  with  azimuth  at  high 
elevations  will  be  less  than  that  at  low  elevations,  degenerating  to  a  single  gain  figure  at  90  degrees  (vertical),  it 
would  be  reasonable  to  expect  that  the  number  of  DCT  terms  required  for  a  specific  tracking  error  would  be 
considerably  less  for  near  vertical  radiation  and  this  has  been  demonstrated  in  a  number  of  cases. 

The  opportunity  also  exists  to  exploit  the  symmetrical  nature  of  patterns  from  antennas  in  Isolation  and  with  one 
or  more  axes  of  symmetry,  to  achieve  a  corresponding  increase  in  the  number  of  effective  terms  in  the 
decompression.  This  will  reduce  the  tracking  error  without  materially  increasing  data  storage  requirements. 

Conclusions. 

The  compression  techniques  developed  around  the  Discrete  Cosine  Transform  have  shown  significant  potential 
in  the  reduction  of  storage  requirements  for  antenna  gain  data.  The  technique  is  simply  implemented  and  yields 
good  results  in  reasonable  processing  times  from  minimal  data.  It  has  a  built  in  interpolation  capability  for 
generation  of  data  not  in  the  original  dataset.  It  has  been  shown  to  be  applicable  to  a  wide  range  of  different 
antenna  types,  and  although  not  demonstrated  to  satisfactorily  handle  the  rhombic  antenna  data  as  presently 
available,  improvements  to  the  data  and  extensions  to  the  process  should  overcome  these  difficulties. 
Opportunities  exist  to  refine  the  techniques  to  achieve  better  speed  and  tracking  performance  and  will  be  the 
subject  of  ongoing  work. 
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1.0  Abstract _ _ 

The  application  of  multiresolution  analysis  directly  to  Maxwell’s  equations  results  in  new  time 
domain  schemes  with  unparalleled  properties.  This  time  domain  approach,  MRTD  (Multiresolution 
Time  Domain  Method),  allows  for  the  development  of  schemes  which  are  based  on  scaling  functions 
only  or  on  a  combination  of  scaling  functions  and  wavelets  for  the  development  of  a  variable  griding. 
The  dispersion  of  the  MRTD  schemes  compared  to  the  conventional  FDTD  Yee’s  scheme  shows  an 
excellent  capability  to  approach  the  exact  solution  with  negligible  error  for  sampling  rates  which 
approach  the  Nyquist  limit.  Furthermore,  due  to  the  weak-interaction  properties  of  the  wavelets, 
MRTD  schemes  allow  for  time/space-adaptive  grids.  These  recent  developments  in  time  domain  tech¬ 
niques  at  the  University  of  Michigan  have  strongly  indicated  the  potential  of  MRTDs  in  creating  a 
major  impact  to  the  area  of  computational  electromagnetics  [10,11].  MRTD  is  not  a  new  methodol¬ 
ogy.  It  is  a  correct  and  accurate  generalization  of  the  conventional  discretization  approaches.  It  pro¬ 
vides  the  correct  mathematical  frame  for  solving  problems  in  time  domain  and  allows  for  the 
understanding  of  important  issues  in  time-domain  computational  electromagnetics. 

2.0  Introduction  to  MRTD  _ _ _ _ 


The  finite-difference  time-domain  method  (FDTD)  has  proven  to  be  a  powerful  numerical  technique 
in  electromagnetic  field  computations  [1,2].  However,  despite  its  simplicity  and  modeling  versatility, 
the  technique  suffers  from  serious  limitations  due  to  the  substantial  computer  resources  required  to 
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model  electromagnetic  problems  with  medium  or  large  computational  volumes.  In  addition,  the 
FDTD  method  cannot  provide  the  accuracy  required  for  computer  simulations  of  time-dependent 
electromagnetic  interactions  in  electrically  long  regions  or  in  regions  which  contain  non-linear  mate¬ 
rials.  Such  simulations  are  very  important  for  integrated  device  modeling,  especially  in  relation  to  the 
design  of  non-linear  photonic  devices.  The  above  limitations  have  always  made  it  a  matter  of  great 
interest  to  improve  the  efficiency  of  Yee’s  FDTD  scheme  and  have  led  researchers  to  the  development 
of  hybrid  combinations  of  FDTD  with  other  propagation  methods  [3,4]  and  higher  order  FDTD 
schemes  based  on  Yee’s  grid  [5].  The  method  of  moments  provides  a  mathematically  correct  approach 
for  the  discretization  of  integral  and  partial  differential  equations.  [6].  Its  application  to  the  discretiza¬ 
tion  of  Maxwell’s  partial  differential  equations  has  provided  the  field  theoretical  foundation  for  TLM 
[7,8].  In  addition,  it  has  been  shown  recently  [9]  that  Yee’s  FDTD  scheme  can  be  derived  from  the 
same  approach  when  using  pulse  functions  for  the  expansion  of  the  unknown  fields.  Since  the  method 
of  moments  allows  for  the  use  of  any  complete  and  orthonormal  set,  the  choice  of  an  appropriate 
expansion  set  may  lead  to  new  powerful  time  domain  schemes.  The  application  of  the  method  of 
moments  using  scaling  and  wavelet  functions,  known  as  multiresolution  analysis  (MRA),  has  been 
applied  to  Maxwell’s  partial  differential  equations  and  has  lead  to  novel  and  powerful  time  domain 
schemes  [10]  and  [11]. 

In  a  MRTD  scheme  the  electromagnetic  fields  are  represented  by  a  two-fold  expansion  in  scaling  and 
wavelet  functions  with  respect  to  space.  The  expansion  in  terms  of  scaling  functions  allows  for  a  cor¬ 
rect  modeling  of  smoothly-varying  electromagnetic  fields.  In  regions  characterized  by  strong  field 
variations  or  field  singularities,  additional  field  sampling  points  are  introduced  by  incorporating 
wavelets  in  the  field  expansions.  These  additional  points  are  introduced  only  at  specific  locations, 
thus,  allowing  for  a  variable  grid  capability.  The  use  of  different  families  of  functions  leads  to  various 
time  domain  schemes.  The  exclusive  use  of  scaling  functions  provides  a  variety  of  conventional 
schemes  including  FDTD  and  TLM.  The  MRTDs  which  have  been  recently  developed  at  Michigan 
have  used  pulse  functions  as  expansion  and  testing  functions  in  the  time  domain  in  order  to  obtain  a 
two-step  finite  difference  scheme  with  respect  to  time. 

MRTD  schemes  based  on  cubic  spline  Battle-Lemarie  scaling  and  wavelet  functions  have  been  devel¬ 
oped  and  applied  to  a  variety  of  problems.  An  extensive  presentation  of  these  derivations  is  presented 
in  [10].  This  orthonormal  wavelet  expansion  has  already  been  applied  successfully  to  the  computation 
of  electromagnetic-field  problems  in  the  frequency  domain  and  results  have  been  presented  for  both 
2-D  and  3-D  problems  [17,18].  The  Battle-Lemarie  scaling  and  wavelet  functions  do  not  have  com¬ 
pact  support,  thus  the  MRTD  schemes  have  to  be  truncated  with  respect  to  space  (see  Figure  1).  How¬ 
ever,  this  disadvantage  is  offset  by  the  low-pass  and  band-pass  characteristics  in  spectral  domain, 
allowing  for  an  a  priori  estimate  of  the  number  of  resolution  levels  necessary  for  a  correct  field  mod- 
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eling.  Furthermore,  for  this  type  of  scaling  and  wavelet  functions,  the  evaluation  of  the  moment 
method  integrals  during  the  discretization  of  Maxwell’s  PDFs  is  simplified  due  to  the  existence  of 
closed  form  expressions  in  spectral  domain  and  simple  representations  in  terms  of  cubic  spline  func¬ 
tions  in  space  domain.  The  use  of  non-localized  basis  functions  cannot  accommodate  localized 
boundary  conditions  and  cannot  allow  for  a  localized  modeling  of  material  properties.  To  overcome 
this  difficulty,  the  image  principle  is  used  to  model  perfect  electric  and  magnetic  boundary  conditions. 
As  for  the  description  of  material  parameters,  the  constitutive  relations  are  discretized  accordingly 
and  the  relationships  between  the  electric/magnetic  flux  and  the  electric/magnetic  field  are  given  by 
two  matrix  equations. 


RGURE  1.  Battle-Lemarie  Scaling  and  Mother  Wavelet  Functions  and  their  Fourier 

Transforms. 
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Complete  dispersion  analyses  of  the  MRTD  schemes  including  applications  to  3-D  problems  and 
comparisons  to  Yee’s  FDTD  scheme  are  given  in  [10]  and  show  the  superiority  of  MRTDs  to  all  other 
existing  discretization  techniques.  Specifically,  the  results  show  the  capability  of  the  MRTD  method 
to  provide  excellent  accuracy  with  up  two  points  per  wavelength  which  is  the  Nyquist  sampling  limit. 

The  use  of  Battle  Lemarie  scaling  and  wavelet  functions  has  provided  very  efficient  solutions  to  open 
and  shielded  circuit  problems.  Figure  2  shows  field  calculations  for  the  even  mode  excited  in  coupled 
strips  operating  in  an  open  environment.  The  open  boundaries  have  been  accounted  for  by  incorporat¬ 
ing  PML  regions  within  the  MRTD  technique.  The  use  of  MRTD  allowed  for  the  placement  of  the 
matching  layer  right  at  the  planar  lines  while  it  provided  very  high  accuracy  and  high  computational 
efficiency.  Figure  3  shows  the  even-mode  electric  field  distributions  for  a  similar  coupled  strip  geom¬ 
etry  operating  in  a  shielded  environment  [22]. 


FIGURE  2. 


Even-Mode  Electric  Field  Distribution  in  an  Open  Coupled  Strip  Line 


PML 


PML 
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FIGURE  3. 


Even-Mode  Electric  Field  Distribution  in  a  Shielded  Coupled  Strip  Line 
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As  with  Battle-Lemarie  functions,  the  application  of  the  Haar  basis  functions  (see  Figure  4)  has  led 
into  the  development  of  a  multigrid  FDTD  technique  [23,  24]  and  has  demonstrated  the  capability  for 
a  spatially  adaptive  grid  in  2-dimensional  waveguide  and  transmission  line  problems.  Figure  5  shows 
the  field  distribution  in  a  two-dimensional  shielded  stripline.  On  the  same  figure  the  spatially  adaptive 
grid  utilized  in  this  problem  is  shown. 

_ 3.0  Spatially  Adaptive  MRTD  Schemes 


The  major  advantage  of  the  use  of  Multiresolution  analysis  to  time  domain  is  the  capability  to  develop 
time  and  space  adaptive  schemes  for  an  open  as  well  as  shielded  space,  and  its  application  to  linear 
and  non-linear  problems.  The  effectiveness  of  the  technique  will  be  measured  in  terms  of  its  accuracy 
and  computational  efficiency  in  comparison  to  conventional  time  domain  techniques  (FDTD,  TLM). 
The  development  of  a  spatially  and  temporally  adaptive  MRTD  method  is  based  on  the  property  of 
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wavelet  expansion  functions  to  interact  weakly  and  allow  for  a  spatial  sparsity  that  may  vary  with 
time  as  needed  through  a  thresholding  process  [12-19].  The  availability  of  such  an  adaptive  method  is 
extremely  important  for  the  accurate  modeling  of  sharp  field  variations  of  the  type  encountered  in 
beam  focusing  in  nonlinear  optics,  wave  propagation  through  narrow  slits  and  apertures  etc.  A  brief 
presentation  of  the  fundamental  steps  required  for  such  a  adaptive  grid  is  given  in  the  following  sec- 
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The  use  of  multiresolution  analysis  for  adaptive  grid  computations  for  PDEs  has  been  suggested  by 
Perrier  and  Basdevant  [20]  and  Liantdrat  and  Tchamitchian  [21].  To  describe  the  basic  ideas  of  such 
an  adaptive  scheme  for  Maxwell’s  hyperbolic  system,  let  us  cast  Maxwell’s  equations  in  one  spatial 
dimension  in  the  form: 


where  2  =  (£(z,  t),  Hiz,  i)f  ,  and  A  is  the  operator: 


0  -e(2r 
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FIGURE  5. 


Field  Distribution  in  a  Printed  Stripline  Using  MRTD  Based  on  Haar  Functions 


The  numerical  solution  of  (1)  subject  to  initial  conditions  and  appropriate  boundary  conditions  at  the 
two  boundary  points  is  sought.  Following  appropriate  derivations,  the  above  equation  can  be  written 
in  the  following  form; 


M  tC/)  =  0 


(3) 


where 


M  = 


(4) 
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In  equation  4,  Z;,,  are  half  shift  operators  for  the  spatial  and  temporal  coordinates  z,  t  respectively 
and  Ph  are  their  Hermitian  conjugates.  Furthermore,  d„  D.  are  difference  operators  given  by  the 
following  equations: 


4,  = 


(5) 


and 


(6) 


where 


In  equation  6,  a^(0,  cv(i)  are  the  coefficients  associated  with  the  scalar  functions  or  wavelet  expan¬ 
sion  functions  respectively.  Since  M  is  represented  by  block  of  band  matrices,  it  can  be  shown  that  the 
domain  where  the  field  coefficients  of  are  non-negligible  is  at  most  equal  to  the  corresponding 
domain  of  u^"^  plus  the  width  of  the  bands  in  matrix  M  that  represent  the  operator  A  in  the  wavelet 
basis.  If  are  the  total  number  of  nonzero  scaling  and  wavelet  field  coefficients  (grid  points),  the 

number  of  operations  required  to  compute  M  is  of  the  order  of  0(JV^  +  ).  As  it  has  been  shown  in 

[10,11],  the  total  number  of  scaling  grid  points  can  be  as  low  as  two  per  wavelength.  However,  the 
resolution  required  in  the  wavelet  grid  points  is  determined  by  the  nature  of  the  boundaries  in  the 
problem  of  interest. 

We  are  now  ready  to  describe  the  method  suggested  in  [20,21]  to  adapt  in  space  and  time  the  wavelet 
grid  and  thus  follow  the  sharp  features  of  the  waves  as  they  develop  and/or  move  on  the  grid.  At  each 
time  step  we  keep  both  the  wavelet  field  values  that  are  larger  than  a  given  threshold  as  well  as  the 
adjacent  values.  An  adjacent  wavelet  field  value  is  defined  on  the  basis  of  the  wavelet  resolution 
level(s)  incorporated  in  the  solution.  The  development  of  an  appropriate  definition  can  be  considered. 
Let  be  the  wavelet  field  values  (grid  points)  which  are  kept  and  represent  the  approximate  solu¬ 
tion  at  the  nth  time  step.  From  these  let  us  call  fundamental  the  wavelet  coefficients  that  are  greater 
than  the  threshold  and  adjacent  the  ones  as  defined  above.  From  equation  3  we  compute  the  wavelet 
field  coefficients  of  corresponding  to  the  fundamental  and  adjacent  coefficients  that  constitute 
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grid  .  We  then  adjust  by  changing  into  “fundamental”  those  field  coefficients  that  are  greater 
than  the  threshold  and  changing  into  adjacent  their  adjacent  ones.  This  process  creates  the  new  grid 
-K 1)  •  We  project  u  onto  the  space  corresponding  to  and  we  are  ready  for  the  next  step  update 

Clearly  the  basic  assumption  behind  this  algorithm  is  that  during  a  time  At,  the  domain  of  the  funda¬ 
mental  field  coefficients  does  no  spread  beyond  its  border  of  adjacent  coefficients.  This  method  has 
already  been  applied  to  a  variety  of  circuit  problems  and  results  will  be  discussed  during  the  presenta¬ 
tion  [25], 
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Abstract 

A  bidiagonal  compact-difference  and  a  finite-volume  procedure  of  fourth-order  temporal  and  third-order  spatial 
accuracy  have  been  developed  for  solving  three-dimensional,  time-dependent  Maxwell  equations.  Solutions  of  a 
three-dimensional  waveguide  and  the  scattering  by  a  perfectly  electrical  conducting  sphere  and  an  ogive  cylinder 
are  validated.  The  bidiagonal  compact  difference  scheme  applied  to  the  waveguide  shows  exceptional  resolution 
characteristics  over  a  wide  range  of  wavenumber.  The  high  resolution  finite-volume  scheme  demonstrates  improved 
numerical  efficiency  over  previous  efforts  in  RCS  calculations. 

Introduction 

For  simulating  wave  diffraction  and  refraction  phenomena,  numerical  resolution  for  high  frequency  spectrum  is 
clearly  needed  [1-4].  The  accuracy  requirement  in  computational  electromagnetics  (CEM)  is  so  demanding  that  it 
has  become  a  pacing  item  for  this  technology  development.  In  time-dependent  calculations,  the  truncation  error  of 
a  numerical  result  is  manifested  as  dissipation  and  dispersion.  The  numerical  error  accumulation  during  a  sustained 
period  of  calculations  or  in  an  extensive  computational  domain  may  lead  to  a  situation  where  the  wave  modulation 
and  phase  errors  become  unacceptable.  In  principle,  the  numerical  accuracy  can  be  improved  either  by  refining 
the  mesh  point  density  or  by  adopting  a  high  resolution  numerical  procedure.  The  more  fundamental  approach  of 
devising  high  resolution  numerical  procediues  has  the  potential  to  expand  the  application  range  of  CEM,  thus  is 
much  more  appealing. 

Using  exclusively  the  formal  order  of  accuracy  of  temporal  and  spatial  truncation  errors  to  select  an  algorithm 
for  time  dependent  simulation  is  an  over  simplification  [5-7] .  Although  the  dispersive  error  is  dominated  by  the 
spatial  discretization  [5],  this  error  can  still  be  alleviated  by  more  accurate  time  integration  options.  No  dissipation 
is  also  achievable  by  some  schemes  by  a  stencil  construction  that  provides  symmetry  with  respect  to  time  [8].  Even 
the  perfect  shift  condition  can  be  achieved  under  certain  restrictions  through  temporal  and  spatial  truncation  error 
cancellation  [9].  An  algorithm  that  meets  the  perfect  shift  condition  at  specific  Courant-Friedrichs-Levw  (CFL) 
numbers,  can  generate  an  exact  one  dimensional  solution.  The  perfect  shift  property,  however,  is  not  preserved  for 
multi-dimensional  problems.  In  fzict,  an  additional  error  in  terms  of  the  numerical  anisotropy  will  be  present. 

The  numerical  resolution  can  be  quantified  by  the  Fourier  analysis  in  terms  of  normalized  wavenumber.  In  appli¬ 
cations  the  quantification  is  measured  by  the  grid-point  density  per  wavelength.  However,  this  simple  grid  density 
criterion  is  insufficient  when  the  computational  domain  contains  multiple  media  with  a  wide  range  of  characteristic 
impedances,  because  all  numerical  schemes  have  a  limited  wavenumber  range  for  accurate  computations.  At  the 
present,  for  a  high  frequency  CEM  simulation  associated  with  a  large-scale  configuration,  the  required  number  of 
mesh  points  to  meet  an  accuracy  specification  is  often  beyond  the  reach  of  conventional  computing  systems.  In  order 
to  extend  the  present  simulation  capability  to  higher  frequency  spectra,  the  need  to  develop  high  resolution  schemes 
for  CEM  is  urgent. 

Compact  differencing  [5,6],  optimized  difference  [7],  and  spectral  methods  [10]  are  viable  options  to  achieve  high 
resolution.  The  idea  of  the  compact  and  optimized  methods  is  closely  linked.  Both  approaches  seek  algorithms  that 
have  a  small  stencil  dimension  and  yet  maintedn  a  lower  level  of  dispersive  and  dissipative  error  than  conventional 
numerical  schemes.  Collatz  [11]  has  pointed  out  that  the  compact  difference  scheme  is  based  on  the  Hermite’s 
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generalization  of  the  Taylor  series.  The  accuracy  gain  is  acquired  through  additional  derivative  data  to  be  specified 
at  the  boundary  [5-7].  Although  the  stencil  structure  for  most  popular  compact  differencing  formulas  is  tridiagonal, 
they  still  requires  a  transitional  scheme  from  the  boimdary  to  the  interior  domain.  The  numerical  boundary  scheme 
must  transmit  data  from  the  boundary  and  also  preserves  the  stability  and  accuracy  of  the  interior  calculations  for 
the  global  resolution.  For  this  reason,  the  development  of  a  numerical  boundary  scheme  is  emerging  as  a  major 
challenge  for  high  resolution  methods. 

The  need  for  higher  order  resolution  is  equally  applicable  to  both  temporal  and  spatial  variables.  In  the  present 
analysis,  a  Runge-Kutta  method  [12]  up  to  fourth  order  accuracy  is  used  for  the  integration  wth  respect  to  time. 
This  high  temporal  resolution  procedure  is  implemented  to  a  finite-volume  MUSCL  procedure  in  a  general  curvilin¬ 
ear  frame  of  reference  [13]  and  several  flux  vector  splitting  finite- difference  methods  [14,15]  including  a  bidiagonal 
compact  difference  scheme.  Only  the  bidiagonal  compact  difference  scheme  will  be  described  in  detail.  All  validat¬ 
ing  efforts  are  concentrated  on  three-dimensional  simulations  to  emphasizes  the  focus  on  practical  application  and 
on  understanding  multi-dimensional  numericcil  procedure  development.  All  numerical  schemes  are  first  evaluated 
by  simulating  transverse  electrical  wave  propagation  in  a  three-dimensional  rectangular  guide.  Then  some  selected 
procedures  are  used  to  simulate  the  scattering  phenomenon  around  a  perfectly  electrical  conducting  (PEC)  scatterer. 


Governing  Equations 

The  time-dependent  Maxwell  equations  for  an  electromagnetic  field  are  [16,17]; 

^  +  V  X  E  =  0  (1) 

ot 

^-VxH=-J  (2) 

at 

V  -  B  =  0,  E  =  /xE  (3) 

VD  =  0,  D  =  eE  (4) 

where  e  and  fi  are  the  electric  permittivity  and  the  magnetic  permeability  which  relate  the  electric  displacement  ,D, 
to  the  electric  field  intensity,  E,  and  magnetic  flux  density,  B  to  the  magnetic  field  intensity, H,  respectively. 

The  time-dependent  Maxwell  equations  can  be  cast  in  flux-vector  form  on  a  curvilinear  frame  of  reference  by  a 
coordinate  transformation  from  the  Cartesian  system.  The  governing  equations  become  [13-15]; 


dt  dv 


(5) 


where  the  dependent  variable  U  in  the  present  formulation  is  now  scaled  by  the  local  cell  volume,  V,  or  the  reciprocal 
of  the  Jacobian  of  the  coordinate  transformation. 


U  =  {B:,V,  ByV,  B^V,  D^V,  DyV,  D,vf 


(6) 


Ej,  and  are  the  contravariaint  components  of  the  flux  vectors  of  the  Cartesian  coordinates  which  is  the  basic 
frame  of  reference  of  the  present  analysis  [13,15]. 

Fr,  =  VxF::+T)yFy+T)^F^  (7) 

=  Ci-P’sc  +  CyFy  +  CzFz 

and  ^x,  Vx,  Cx,  ^y,  Vy,  Cyy  ^z,  and  Cz  are  the  nine  metrics  of  the  coordinate  transformation. 

The  characteristic-based  finite-volume  and  finite-difference  approximations  are  achieved  by  splitting  the  flux 
vector  according  to  the  signs  of  eigenvalues  of  the  coeflficient  matrix  in  each  spatial  direction  [13-15].  The  flux 
vector  in  the  discretized  space  is  represented  by  a  superposition  of  two  components;  F^,  F^,  F^,  F~,  F^ ,  and  F^ 
according  to  eigenvalue  structure  [15].  The  formal  order  of  accuracy  for  these  schemes  is  exclusively  dependent  on 
how  either  the  subsequent  difference  quotients  or  the  flux  vectors  are  reconstructed.  For  the  finite-volume  scheme  at 
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the  cell  surfaces  the  split  flux  vectors  are  calculated  by  the  reconstructed  dependent  variables  on  either  side  of  the 
interface  according  to  the  MUSCL  scheme  [18]: 

+  (8) 

where  and  denote  the  reconstructed  dependent  variables  at  the  left  and  right  side  of  the  cell  interface.  The 
split  flux  vectors  in  respective  ^-t,  rj-t,  and  (-t  planes  are  obtained  by  straightforward  matrix  multiplications  and  are 
given  in  reference  15. 


Initial  Conditions  and  Boundary  Values 

For  the  present  analysis,  the  incident  wave  of  the  waveguide  zind  the  scattering  simulations  consist  of  a  linearly 
polarized  harmonic  field  propagating  in  the  negative  z-axis  direction.  On  the  media  interface  the  transverse  electrical 
wave,  TE{1,1),  within  a  rectangular  waveguide  and  the  scattering  simulations  must  satisfy  the  identical  bounadry 
conditions,  therefore  the  boundary  condition  implementation  can  also  be  shared.  Since  the  surface  of  the  scatterer 
and  the  wavegmde  are  assumed  to  have  perfect  electrical  conductivity,  the  appropriate  boundary  conditions  at  the 
surfaces  are  [16,17]; 

fix  {El  -  Eh)  -  0 

fix  {Hi-  H2)  =  Js  /Qs 

fi-{Bi-B2)  =  0 
n-{Di-  D2)  =  ps 

Following  previous  efforts  [3,4],  the  unknown  surface  current  and  charge  densities, 7*  and  p*  are  treated  as  finite  jumps 
of  constant  ^^ue.  Extrapolated  numerical  boundary  conditions  for  the  finite  jump  of  properties  at  the  surface  are 
introduced  to  replace  the  equations  that  contain  unknowns.  This  formulation  is  compatible  with  the  basic  attribute 
of  the  h\'perbolic  partial  differential  system  which  allows  piecewise  continuous  data  to  propagate  uncdtered  along  a 
characteristic. 

The  advantage  of  the  characteristic-based  formulation  is  also  revealed  in  the  implementation  of  the  far  field 
boundary’  condition.  In  principle,  if  one  of  the  coordinates  is  aligned  with  the  direction  of  wave  motion,  the  split  flux 
of  the  characteristic-based  scheme  is  identical  to  the  compatibility  condition  at  the  truncated  far  field  boundary  [IS¬ 
IS].  An  effective  approximation  is  easily  implemented  by  setting  the  incoming  flux  component  to  the  null  value  at 
the  truncated  far  field  boundary. 

For  the  rectcingular  waveguide 

=  o  (10) 

For  the  PEC  Scatterer 

F+(U,r?,O  =  0  (11) 

Temporal  and  Spatial  Discretization 

The  present  approach  uses  Runge-Kutta  schemes  for  time  integration.  This  first-order  derivative  evaluation 
procedure  can  be  fitted  into  a  Taylor’s  series  by  the  constraint  of  weighting  coefficients  to  retain  a  prescribed  order 
of  accuracy  [12].  Only  the  four-stage  or  the  fourth-order  accurate  Kutta  method  is  presented  here. 


Ijn+l  ^  U^  +  {UI&)-{Ut.l+2Ut,2+‘^Ut,Z  +  UtA) 

Ut,i  =  Ut{t,U^) 

Ut,2  -  Ut{t  +  At/2,U^  +  At/2-Ut,i)  (12) 

Ut,3  =  Ut{t  +  At/2,U^  +  At/2-Ui,2) 

UtA  =  Ut{t  +  At,U^  +  At-Ut^3) 


The  four-stage  procedure  needs  twice  as  many  arithmetic  operations  to  advance  the  solution  one  time  step  as  the 
two-stage  scheme.  An  additional  array  of  dynamic  memory  for  the  derivatives,  Ut  is  also  needed  for  completing  a 
time  sweep.  However,  the  allowable  CFL  number  nearly  doubles  from  the  two-stage  to  the  four-stage  procedure. 
The  CFL  number  increases  from  0.876  for  the  two-stage  to  1.740  for  the  four-stage  procedure. 


I 

i 
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The  accurax:y  gain  by  compact  differencing  methods  over  conventional  methods  is  obtained  not  by  increasing  mesh 
point  stencil,  but  rather  by  incorporating  adjacent  derivatives  of  the  function  [11].  Since  the  formulation  is  based  on 
the  Taylor  series  expansion,  the  compact  differencing  formulation  is  valid  only  in  the  domain  where  the  dependent 
variables  zire  continuous  and  differentiable.  The  most  general  compact  difference  or  the  Hermitian  formula  can  be 
written  to  include  first-  and  second-order  derivatives  [14].  For  CEM  in  the  time  domain,  the  formula  containing  only 
the  first  derivatives  is  sufficient.  The  general  spatial  formula  can  be  written  as: 

+  0U[  +  =  CiUi^s  +  C2Ui-2  +  CzUi-i  +  C^Ui  +  CgC/i+i  +  C6?7,+2  +  CiUi+z  (13) 

The  present  scheme  incorpoates  a  third-order  accurate  compact  formula  which  was  developed  by  Adam  [19].  This 
formula  has  a  bidiagonal  structure  for  the  first-order  derivatives. 

For  the  forward  biased  differencing 

Q  =  4,  ^  =  2,  7  ~  0)  C'l  =  0,  C2  ~  "Ij  Cz  ~  "4,  C4  =  5,  C5  =  0,  Ce  —  0,  C7  =  0. 

For  the  backward  difference 

a  =  0,  /3  =  2,  7  =  4,  Cl  =  0,  Cz  =  0,  Ca  =  0,  C4  =  -5,  C5  =  4,  Ce  =  1,  C7  =  0. 

It  is  immediately  recognizable  that  the  third-order  compact  difference  has  a  smaller  stencil  dimension  than  its 
explicit  counterpart  [6,9].  The  compact  stencil  consists  of  three  points,  and  the  associated  first  derivatives  have 
a  bidiagonaJ-diagonal  structure.  From  the  Fourier  analysis  of  this  algorithm  when  applied  to  the  one-dimensional 
model  wave  equation,  the  maximum  allowable  CFL  number  has  a  value  of  0.696  and  exhibits  a  characteristic  of  lower 
dispersive  error.  The  bidiagonal  compact  difference  procedure  even  outperforms  fourth-order  compact  difference 
schemes  of  the  same  family  [5]. 

For  numerical  solutions  of  initial- value  problem,  the  issues  of  consistency,  well-posedness,  and  stability  are 
pauraraount.  Unfortunately,  most  known  numerical  stability  anadyses  lack  the  ability  to  take  the  boundary  con¬ 
dition  into  consideration.  For  high-order  methods,  the  effects  of  boundary  formulations  are  also  no  longer  masked  by 
the  built-in  dissipation  of  the  lower-order  schemes.  Numerical  stability  is  a  critical  concern  for  high-order  compact 
difference  method,  which  must  include  a  stable  transitional  boundary  scheme  to  preserve  the  formal  accuracy  [20,21]. 
The  Adam’s  bidiagonal  compact  difference  algorithm  has  been  demonstrated  to  be  a  stable  and  compatible  transition 
boundary  scheme  to  a  fourth-order  accurate  method  [4]. 

Numerical  Results 

All  results  are  processed  on  the  Cray  C916/16256  computing  system.  The  presentation  of  munerical  results  is 
separated  into  three  groups.  The  first  group  addresses  the  dispersion  and  dissipation  of  the  adopted  finite-difference 
nrunerical  algorithms  when  applied  to  the  one-dimensional  model  wave  equation.  The  second  group  summarizes 
the  performance  of  the  present  characteristic-based  codes  [13-15]  applied  to  a  three-dimensional  transverse  electric 
wave  in  a  rectangular  waveguide.  The  wave  speed  and  the  time  elapsed  during  the  computation  are  fixed  for  all 
simulations  to  permit  the  wave  to  transverse  the  entire  length  of  the  waveguide  twice.  At  the  highest  frequency,  the 
transmitted  wave  travels  a  totcil  distance  of  36.6  wavelengths.  The  last  group  details  computations  of  a  PEC  sphere 
and  an  ogive  cylinder  over  a  wavenumber  range  from  1.06  to  20.0  by  the  finite- volume  procedure  using  the  two-stage 
and  the  four-stage  Runga-Kutta  temporal  integration. 

The  dissipative  error  of  the  mid-point  leapfrog,  the  upwind,  and  the  bidiagonal  compact-difference  algorithm 
are  presented  in  Figure  1.  The  mid-point  leapfrog  scheme  is  included  as  a  reference  point  for  comparison  [1].  All 
numerical  results  are  obtained  by  solving  the  one-dimensional  model  wave  equation.  In  spite  of  the  fact  that,  the 
mid-point  leapfrog  is  a  second-order  scheme,  the  one-dimensional  solution  does  not  contain  any  dissipative  error.  The 
upwind  scheme  of  Warming  and  Beam  [8]  possesses  the  same  feature  at  the  CFL  value  of  1  and  2  but  exhibits  error 
when  CFL  differs  from  the  aforementioned  values.  The  bidiagonal  compact-differencing  and  the  windward  scheme 
reveals  numerical  diffusion. 

Figure  2  depicts  the  corresponding  dispersive  error  of  ziU  schemes  examined.  The  bidiagonal  compact-difference 
scheme  shows  the  lezist  dispersion.  This  compact  difference  scheme  even  outperforms  a  fourth-order  compact  scheme 
of  the  same  family  [5,7].  The  dispersive  error  expressed  in  terms  of  the  normadized  wave  number,  spans  a  usable  range 
from  0.0  to  2.4.  However  the  one-dimensional  result  should  be  used  only  as  a  general  guide  for  numerical  procedure 
development,  because  the  additional  numerical  error  such  as  anisotropy  will  be  present  in  multi-dimensional  problems. 
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In  Figure  3,  the  y-component  of  electric  displacements  in  the  waveguide  are  depicted  at  three  different  frequencies. 
All  numerical  solutions  are  generated  by  the  second-order  accurate  upwind  scheme  of  ^^'arimng  Beam  [8]  on  a 
uniformly  spaced  grid  (25  x  24  x  96).  The  instantaneous  Dy  distributions  along  the  entire  len^h  of  the  waveguide 
are  accompanied  by  the  theoretical  values  for  validation  [16,17].  The  comparison  with  the  th^eory  for  frequenc> 
spectra  from  Srr  to  Stt  corresponds  to  a  grid-point  density  of  18.3  to  9.15  per  wavelength.  For  the  lowest  frequency 
simulation,  the  dissipation  error  is  confined  to  less  than  one  percent.  As  the  wavenumber  increases  and  the  grid-point 
density  decreases  accordingly,  the  numerical  error  becomes  unacceptable. 

Figure  4  displays  the  resolution  characteristics  for  the  four-stage  Runge-Kutta  and  spatially  third-order  compact 
difference  method.' RK4S3CD  in  the  waveguide  simulation.  These  results  of  the  RK4S3CD  method  are  fax  superior 
in  the  higher  frequency  range  than  the  upwind  method  given  in  Figure  3.  The  numerical  results  obtamed  on  m^h 
systems  with  the  grid-point  density  of  18.3  and  13.7  per  wavelength  are  accurate.  As  the  gnd-point  density  is  further 
decreased  to  the  value  of  9.15  (w  =  Sir),  the  numerical  resolution  starts  to  degrade  and  yields  a  maximum  error  of 
0.331  percent  near  the  middle  point  of  the  waveguide.  The  third-order  accurate  compact  differencing  method  h^ 
also  been  use  to  generate  waveguide  solutions  for  the  angular  frequencies  of  Ott  and  77r,  which  correspond  to  the 
grid-point  densities  of  8.34  and  7.25  points  per  wavelength.  Under  these  circumstances,  the  maximum  dissipative 
errors  have  values  of  1.60  and  9.72  percent  respectively. 

The  horizontal  polarized  bi-static  RCS  distributions  of  the  PEC  sphere,  <7(0, 0.0)  at  a  wavenumber  of  20  by  the 
third-order  finite-volume,  two-stage  (RK2S3)  and  four-stage  Runge-Kutta  (RK4S3)  methods  given  m  Figure  5. 
Although  these  solutions  are  obtained  by  different  time  steps  for  data  sampUng,  the  maxiinum  difference  between  the 
two  numerical  results  is  negligible.  The  maximum  discrepancy  of  numerical  results  from  the  theoretic^  value  occurs 
at  the  viewing  angle  of  114.5  degree  with  an  absolute  value  of  0.1308.  For  these  simulations,  the  far-field  boundary 
is  placed  at  2.86  wavelengths  away  from  the  sphere.  On  the  (73  x  60  x  96)  grid  system,  the  grid-point  density  along 
the  circumferential  coordinate  is  now  reduced  to  a  value  of  9.6.  In  comparmg  with  an  earlier  calculation  at  the  same 
wavenumber  [3],  the  present  calculations  require  fewer  number  of  grid  points  by  a  factor  of  4.2o. 

The  finite- volume  result  (RK4S3)  for  bi-static  RCS  of  the  ogive  cylinder  in  horizontal  polarization  is  presented  m 
Figure  6.  The  calculations  simulate  the  scattering  phenomena  when  the  ogive  cylinder  is  iUummated  by  a  head-on 
incident  wave  at  2  Giga  hertz.  The  wavenumber  at  this  frequency  is  scaled  by  the  scatterer  length  of  54.6  cm  to  yield 
a  value  of  1.065.  The  numerical  simulation  is  performed  using  a  two-block  grid  system  with  the  respective  dimensions 
of  (143  X  109  X  43)  and  (53  x  109  x  75).  The  agreement  with  the  calculation  of  a  method  of  moment  J23j^  excellent. 
A  nearly  identical  result  was  also  produced  by  the  two-stage  Runge-Kutta  time  integration  scheme,  (RK2b3)  but  at 
a  cost  of  11.2  %  more  CPU  seconds. 


Concluding  Remsurks 

The  bidiagonal,  compact-difference  scheme  when  applied  to  the  simple  wave  model  exhibits  the  lowest  dispersive 
error  among  all  the  algorithms  considered.  The  compact-difference  approximations  shows  promising  potential  for 
extending  the  frequency  spectra  simulations  by  sohdng  the  three-dimensional,  time-dependent  Maxwell  equations. 

The  temporally  fourth-order  and  spatially  third-order  windward  biased  finite-volume  method  exhibits  a  numerical 
efficiency  gain  over  the  lower  order  temporal  accuracy  method.  The  improved  accuracy  in  time  enhances  the  stability 
of  this  method  permitting  a  doubling  of  tbe  CFL  number  from  0.876  to  1.740. 
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Figure  1;  Dissipative  Error  of  selected  Finite-Difference 
Algorithms,  CFL=0.7 


Figure  2;  Dispersive  Error  of  selected  Finite-Differencing 
AJgorithm,  CFL=0.7 


Figure  3:  Resolution  Characteristics  of  the  Upwind  Method  Over  a  Wavenumber  Range 


Figure  4:  Resolution  Chaxacteristics  of  a  Compact  Difference  Method  Over  a  Wavenumber  Range 
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Figure  5:  RCS  of  a  PEC  Sphere,  a{9,  0.0),  ka=10.0 


Figure  6;  RCS  of  a  ogive  Cylinder,  Head-On  illumination, 
2  Giga  Hertz 


FD-TD  M24  Dispersion  and  Stability  in  Three  Dimensions 

G.  Haussmaim  and  M.  Piket-May 
Department  of  Electrical  and  Computing  Engineering 
University  of  Colorado  at  Boulder 
Boulder  CO  80309-0425 


1  Introduction 

The  original  Finite-Difference  Time-Domain  electromagnetic  simulation  method,  first  proposed 
by  Yee  [1]  in  1966,  has  spawned  numerous  variants  in  an  attempt  to  emphasize  desirable  char¬ 
acteristics,  suc'.  as  simplicity  and  stability.  This  paper  examines  the  dispersion  and  stability 
properties  of  some  of  these  variants. 

The  dispersion  relation  for  a  given  method  or  variant  expresses  the  error  in  propagation 
speed.  This  error,  a  phenomenon  resulting  from  grid  discretization,  varies  with  propagation 
angle  and  grid  resolution.  Switching  to  different  FD-TD  variants  can  reduce  or  aggravate  the 
overall  dispersion  error. 

Stability  must  also  be  examined  since  the  explicit  nature  of  the  FD-TD  method  exerts  a 
stability  condition  [2].  The  stability  requirements  restrict  the  possible  time  and  space  resolution 
used  in  FD-TD  simulations. 


2  General  Forms  of  Dispersion  and  Stability  Equations 

In  this  section  the  dispersion  relation  and  stability  requirements  are  examined  using  a  general 
difference  operator  D.  After  these  general  equations  are  derived,  they  later  can  be  used  to  examine 
FD-TD  methods  by  substituting  in  specific  difference  operators. 

2.1  Dispersion 

The  dispersion  relation  is  derived  via  the  wave  equation 

which  is  expressed  using  difference  operators  as 

Dl-Dl-Dl-  Dl  =  0  (2) 

A  special  requirement,  which  only  shows  up  in  a  more  detailed  derivation,  is  that  the  dif¬ 
ference  operators  must  be  linear.  Certain  methods  satisfy  this  requirement  for  two  dimensional 
simulations  only,  and  must  be  modified  for  use  in  three  dimensions. 
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2.2  Stability 

The  stability  analysis  of  an  FD-TD  simulation  is  traditionally  performed  in  two  stages.  The 
simulation  is  examined  as  a  large  discrete  linear  system,  and  restrictions  are  placed  on  this 
system's  eigenvalues  to  provide  stability.  First,  the  temporal  eigenvalues  are  examined  to  find 
the  allowed  range  of  stable  eigenvalues.  Then  the  spatial  operators  are  used  to  produce  a  criteria 
which  only  allows  propagation  of  the  stable  eigenvalues  found  in  the  first  step. 

While  this  process  is  normally  done  with  a  specific  FD-TD  method,  (second  or  fourth  order) 
it  is  possible  to  derive  a  stability  criteria  up  to  a  certain  point  using  only  generic  difference 
operators,  as  was  done  with  the  dispersion  relation. 


2.2.1  Temporal  Eigenvalues 

The  temporal  eigenvalues  are  found  by  analyzing  the  difference  equation 

and  defining  a  time  shift  operator  Q  such  that  This  leads  to 

,,  =  V\l^k  +  ^tQDtVtj,k 
{l  +  AtQD,)V\:j,k 
1  +  AtQDt 


(3) 


0 


=  Q^-AtQDt-l 


Q  = 


DtAt 


{ 


Id: 


V 


1  + 


DtAt, 


To  enforce  stability  we  must  limit  the  gro\\d:h  factor  of  over  time,  meaning  that 


1 


<  1 


Substituting  (4)  into  (5)  produces  a  limit  on  the  temporal  operator  D,  such  that 

A  At 


1± 


1  + 


DiAt. 


<  1 


which  requires  that  A  be  imaginary  and  bounded  by 

The  corresponding  eigenvalue  equation 

AVI-M  = 


(4) 


(5) 


(6) 


(7) 


(8) 


tells  us  that  Dt  —  A,  and  so  A  is  restricted  in  the  same  manner  as  A- 


2.2.2  Spatial  Eigenvalues 

Derivation  of  the  possible  spatial  eigenvalues  starts  with 


(9) 

which,  in  difference  form,  becomes 

(10) 

Solving  for  A  produces  the  eigenvalues 

A  =  ±^Dl  +  D2  -h  Dl 

(11) 

which,  when  combined  with  the  restriction  found  for  the  temporal  equations,  gives  the  stability 

restriction  _  „ 

^Dl  +  Dl  +  Dl<-  (12) 


2.3  Difference  Operators  for  Specific  FD-TD  methods 

In  this  section  the  difference  operators  used  for  various  FD-TD  methods  are  defined.  After 
these  operators  are  defined,  they  are  then  applied  to  the  general  dispersion  equations  to  find  the 
dispersion  relation  and  stability  criterion  for  each  method. 


2.3.1  The  Second  Order  Difference 


The  difference  operator  D  most  commonly 
as 


dS^\ 


n  _ 

i.j.k  — 


used  is  the  second  order  difference,  defined  in  FD-TD 


V'l 


n 


-  FI-- 


z-l/2,j.fc 


A 


(13) 


where  represents  an  Electric  or  Magnetic  vector  field.  When  is  in  the  plane  wave 

form 


we  can  rewrite  the  difference  as  a  constant  term,  independent  of  the  field  it  operates  on: 


(14) 


D, 


iL 

Ax 


sin 


(15) 


The  second  order  difference  is  then  extended  to  the  other  spatial  axes  {y  and  z)  and  the  time 
axis  t.  The  complete  array  of  second  order  difference  equations  is  given  by 


D,  = 
Dy  = 
D.  = 

Dt  = 


Ax 

2L 

Ay 

2L 

Az 

IL. 

At' 


sin 


sin 


(16) 

(17) 

(18) 
(19) 
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2.3.2  The  Basic  Fourth  Order  Difference 

There  are  many  types  of  fourth  order  difference  operators.  The  simplest  fourth  order  operator  is 
a  simple  extension  of  the  second  order  operator,  given  b}'’ 


“  ”24A 


'  j,k 


With  a  plane  wave  excitation  this  operator,  like  the  second  order  difference,  becomes  a  linear 


1  . 

Dx  = - —  sin 

24  Aa: 


3/^2  Ax 
2 


9  2  j  . 

+ 

8  Ax 


2.3.3  The  Modified  Fourth  Order  operator 

One  fourth  order  method  (herein  referred  to  as  ‘M24')  [3]  augments  the  basic  fourth  order  differ¬ 
ence  operator  with  additional  terms,  and  allows  for  some  varying  of  coefficients  in  the  operator. 
By  varying  the  coefficient  values,  one  can  produce  operators  which  have  a  very  low  dispersion 
error.  The  full  equation  is  of  the  form 

Da:Vy\lj^k  =  hDiVyllj^k  +  k2D2\^\lj.k  +  hD3^'y\lj,k  (22) 

which  combines  both  second  and  fourth  order  differences.  The  three  parts  of  the  difference  are 
defined  to  be 

n  1/1"  -  (23) 

\i,j,k  —  ^ 

D2y\i,j,k  =  ^ 

=  2  li-3/2, j+l,fc)  + 

^  (^1h-3/2,j-1,A:  -  ^^li-3/2,j-l,fc)  ] 

For  a  plane  wave  excitation  the  difference  operator  becomes  a  simple  coefficient,  just  as  the 
second  and  basic  fourth  order  operators  did. 


+  /co-T^sin 


sin  cos  (k,Ay)  ]  (25) 

At  this  point  the  operators  cannot  be  substituted  into  the  general  dispersion  and  stability  equa¬ 
tions,  due  to  the  fact  that  the  operators  change  depending  on  what  field  component  they  are 
applied  to.  As  an  example,  consider  applying  the  same  operator  to  produces 


DMuk  = 


kxAx\  ,  2j 
—  +i=,-sm 


ZkxAx 


,  2?  .  /  3kxAx 


(27) 


which  differs  from  the  original  r>x  operator  (applied  to  by  a  single  cosine  term. 

The  difference  operators  for  M24  are  not  linear  operators;  the  operators  change  form  when 
applied  to  different  components.  Identities  such  as  DxVy\^j,k  +  ^x^'zluj.k  = 
are  not  true,  and  one  cannot  use  the  dispersion  and  stability  equations  derived  using  generalized 
difference  operators.  Instead  separate  operators  for  different  fields  must  be  defined,  for  example 
and  I 

The  M24  method  was  originally  proposed  and  examined  in  two  dimensions,  which  in  some 
part  explains  the  problems  encountered  when  applying  it  to  three  dimensional  problems.  This 
method  can  be  slightly  modified  to  produce  linear  operators  in  three  dimensions.  Define  the 
difference  components  as 


DiVy\lj,k  = 

D2Vy\lj._k 


^1” 


y  I  i+1/2  ,j.k 
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3A 

ir  1 


4  [sA  ‘*+3/2j+l,fc  “  \t-3/2, j~Uk)  + 

^  (^^lt+3/2J-l,fc  “  li-3/2.i-l,fc)  “i" 

^  (t^ir+3/2,M+I  -  + 

^  (f  ir-3/2J,<:-l  -  I'ir-3/2,M-l)  ] 


When  is  expressed  as  a  plane  wave,  the  difference  operator  becomes 

r  2j  f  kxAx\  ,  2j  . 

—  sin  ( — *1  (cos  (kyAy)  +  cos  (k^Az) 


’UAx  V  2 

for  both  the  Vy\"j,t  and  Kly./t  components,  making  D,  a  linear  operator. 


(28) 


(29) 


3  Specific  Dispersion  and  Stability  Equations 

3.1  Dispersion  for  Various  Methods 

The  difference  operators  for  specific  update  methods  can  be  substituted  into  the  general  dispersion 
equation  (2)  to  produce  a  dispersion  relation  for  that  specific  scheme.  The  relations  produced 
here  are  normalized,  with  c  —  1. 


3.1.1  Dispersion  Relation  For  The  Second  Order  Difference 


■  1  .  fuAt\ 

2 
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(kxAxV 
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Ax 
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1  .  /  kyAy 
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(30) 
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3.1.2  Dispersion  Relation  For  The  Fourth  Order  Difference 


3.1.3  Dispersion  Relation  For  The  Three  Dimensional  Modified  (2,4)  Scheme 

To  preserve  space,  only  a  third  of  the  equation  is  displayed,  with  the  understanding  that  this 
equation  holds  to  the  same  form  as  the  second  order  and  fourth  order  dispersion  equations. 


3.2  Stability  for  Various  Schemes 

3.2.1  Stability  for  the  Second  Order  Difference 

Substituting  the  second  order  operators  into  the  stability  requirement  (12)  produces 


This  equation  can  be  simplified  by  assuming  equal  grid  spacing  in  all  three  dimensions,  and 
also  renormalizing  the  equations  to  include  the  propagation  speed  (c).  This  is  expressed  more 
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succinctly  by  Ax  =  Ay  =  A2  =  f .  With  the  knowledge  that  |  sin(x)|  <  1,  these  simplifications 
give 


2v/3  ^ 
A  “ 

At  < 


_2_ 

At 

A 

c%/3 


(34) 

(35) 


3.2.2  Stability  for  the  Fourth  Order  Difference 


Substituting  the  fourth  order  operators  into  the  stability  requirement  (12),  in  the  same  way  we 
looked  at  the  second  order  stability  equation,  produces 


Making  the  same  assumptions  that  we  made  for  the  second  order  operator,  we  can  simplify  this 
equation  into 
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^2^2 
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^2^2 
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3.2.3  Stability  for  the  Three  Dimensional  Modified  (2,4)  Scheme 
The  spatial  eigenvalues  are  of  the  form 
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which,  using  the  same  assumptions  as  for  the  second  order  difiference,  produces 

144 A ^  ^144/:j  -I-  +  96fciA:2  +  {kZ  +  2(12^i  +  4A:2))j  < 

and,  solving  for  the  same  stability  form  as  the  other  difference  methods,  produces 

At  <  ,  ■■  '  (40) 

c J3  [l44/c?  +  Ukl  +  mhk2  +  y/2kz  {kS  +  2(12A:i  -h  4^:2))] 

where  is  it  also  assumed  that  the  largest  value  for  {cos{kyAy)  +  cos(A:2A2))  is  \/2. 

For  the  case  where  =  1,  A;2  =  ^3  =  0,  the  difference  operators  collapse  to  second  order  and 
the  stability  requirement  reduces  to  the  second  order  stability  equation 

At  <  ^  (41) 

cv  3 

and  in  the  case  where  ki  =  9/8,  k2  =  -1/9,  k^  =  0,  the  difference  operators  reduce  to  the 
standard  fourth  order  case  producing 


At  < 


6A 


(42) 


4  Conclusions  and  Future  Work 

The  dispersion  and  stability  relations  become  more  complex  as  one  progresses  from  the  original 
second-order  method  to  the  three  dimensional  M24  method.  However,  since  the  relations  for 
dispersion  and  stability  can  be  expressed  in  terms  of  general  difference  operators,  analysis  of 
an}"  specific  difference  method  consists  of  straightfor«"ard  substitution  into  the  general  equations. 
Care  must  taken  to  avoid  occurrences  such  as  the  non-linear  difference  operators  that  appear  in 
the  modified  (2,4)  method  (section  2.3.3). 

We  are  currently  constructing  a  three  dimensional  electromagnetic  simulator  using  the  M24 
method,  with  the  global  dispersion  error  minimized  using  the  dispersion  equations  derived  in  this 
paper.  Using  the  generalized  equations,  the  M24  method  and  other  variations  -  such  as  a  proposed 
“compact”  M24  version  -  can  be  easily  analyzed  for  dispersion  and  stability  characteristics. 
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Abstract 

A  new  approach  to  truncate  computational  domains  without  reflection  is  proposed  for  finite  meth¬ 
ods,  such  as  finite  difference  and  finite  element.  By  a  transparent  amplitude  modulation,  the 
open-space  Maxwell  equations,  along  with  boundary  conditions,  are  transformed  to  an  equiva¬ 
lent  hyperbolic  system  with  a  homogeneous  closed  boundary.  Like  the  popular  Perfectly  Matched 
Layer  (PML),  the  TAB  is  independent  of  frequency  and  incident  angle.  The  unique  feature  of  this 
method  is  that  it  does  not  need  the  absorption  region  of  the  PML,  and  the  physical  fields  can  be 
found  from  the  attenuated  ones  through  an  inverse  transformation. 


1  Introduction 

An  important  issue  in  computational  electromagnetics  is  to  simulate  an  unbounded  space  in  a  fi¬ 
nite  domain  with  a  minimal  computational  space.  Figure  1  shows  a  diagram  of  a  traditional  finite 
computational  domain.  The  subject  domain  contains  the  system  under  investigation  within  which 
field  components  are  of  interest.  Surrounding  it  is  a  transition  domain  which  is  used  to  truncate 
the  unbounded  space.  A  variety  of  techniques  have  been  proposed  [l]-[6]  to  represent  the  fields  with 
some  prescribed  conditions  either  at  the  exterior  boundary  of  the  computational  domain  or  at  the 
interfaces  between  the  subject  domain  and  the  transition  domain.  The  Perfectly  Matched  Layer 
(PML),  proposed  by  Berenger  [6],  is  presently  the  state-of-art  of  truncation  techniques.  It  is  in¬ 
dependent  of  frequency  and  incident  angle,  and  is  virtually  reflection  free.  Its  shortcoming  is  the 
storage-intensiveness  because  of  the  split  formulation.  A  variety  of  alternative  approaches  have  since 
been  proposed  to  avoid  splitting  fields  [7,  8].  However,  the  transition  region  is  stiU  used  to  absorb  the 
outgoing  waves  in  these  techniques.  Besides,  the  Berenger's  approach  is  easy  to  implement  in  time 
domain,  while  the  others  are  suitable  in  frequency  domain. 

The  truncation  technique  we  propose  here  is  an  analytical  approach  that  can  be  directly  applied  to 
various  finite  methods,  such  as  finite  difference  and  finite  element,  in  either  time  or  frequency  domain. 
Without  introducing  reflections,  the  transparent  absorbing  boundary  (T.\B)  forces  the  magnitudes  of 
the  field  components  to  decay  inside  the  subject  domain  and  to  become  exactly  zero  at  the  domain's 
boundary.  Thus,  the  transition  domain  used  in  most  of  the  existing  truncation  methods  is  no  longer 
needed.  In  this  paper,  we  will  present  the  idea  of  the  technique,  along  with  some  examples  to 
demonstrate  its  characteristics. 

^This  work  was  sponsored  by  NASA  Langley  Research  Center  Grant  NAGl-1082  and  the  Advanced  Helicopter 
Electromagnetics  (AHE)  Industrial  Associates  Program. 
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H  =  F(r^)H, 


(3b) 


Apparently,  homogeneous  boundary  conditions  can  be  obtained  for  the  auxiliary  system  if  F  is  cho¬ 
sen  to  decay  outwardly  and  to  become  zero  at  the  boundary  To-  The  most  important  feature  of  (2a) 
and  (2b)  is  the  introduction  of  pVF  x  E  and  jVF  x  H.  According  to  the  theory  of  hyperbolic 
partial  differential  equations  [10,  11],  it  is  these  terms  that  make  the  field  attenuate  and  result  in 
the  homogeneous  boundary  conditions,  regardless  of  the  physical  interpretations  of  the  loss  mecha¬ 
nism.  Therefore,  the  effect  of  the  outwardly- decaying  F  on  the  auxiliary  system  is  equivalent  to  the 
absorption  of  the  fields  by  these  lossy  terms. 

In  addition  to  the  governing  equations,  all  the  boundary  conditions  of  the  physical  problem  are  also 
transformed  properly  to  establish  an  equivalence  between  the  physical  and  auxiliary  systems.  Hence, 
instead  of  solving  Maxwell’s  equations  in  the  unbounded  space,  one  can  first  solve  the  auxiliary 
system  (2)  with  homogeneous  boundary  conditions.  The  physical  fields  interior  to  boundary  are 
then  found  using  (la)  and  (lb).  It  is  important  to  ensure  that  no  additional  reflection  is  created 
during  the  transformation  of  boundary  conditions. 

Thus,  the  critical  part  of  the  transparent  absorbing  boundary  is  to  impose  constraints  upon  the 
amplitude  modulation  function  F(r)  so  that  the  artificial  loss  mechanism  creates  no  reflections.  It  is 
well-known  that  there  will  be  no  reflection  from  a  medium  discontinuity  if  both  the  phase  velocities 
and  wave  impedances  are  identical  across  it.  Furthermore,  the  physical  reflection  at  the  medium 
discontinuity  will  not  be  affected  by  an  artificial  loss  mechanism  if  the  boundary  conditions  [BC], 
the  phase  velocities  u,  and  the  wave  impedances  Tj  are  unchanged  across  the  interface  by  the  loss 
mechanism;  i.e.. 


{BC]a  =  [BC]o-,  Va  =  t’o,  and  Pa  =  Vo  (4) 

where  subscript  a  indicates  the  auxiliary  system  while  o  stands  for  the  original  one.  Such  a  charac¬ 
teristics  of  zero  reflection  is  independent  of  frequency,  incident  angle,  and  material  properties.  Note 
that,  in  [6],  it  is  indicated  that  the  PML  satisfies  these  conditions,  which  explains  mathematically 
why  the  PML  is  a  reflection-free  loss  mechanism. 

Since  F(r)  0  in  the  interior  domain  r  <  r^,  the  auxiliary  system  has  the  same  wave  impedance 
as  that  of  the  physical  system,  i.e.,  p^ir)  =  Meanwhile,  a  real  and 

continuous  F  makes  the  boundary  conditions  and  phase  terms  identical  in  the  two  systems.  Thus, 
no  additional  reflection  is  created  at  the  discontinuities.  In  other  words,  the  artificial  loss  seems 
transparent.  Consequently,  the  proposed  method  is  referred  to  as  the  Transparent  Absorbing  Boundary 
(TAB).  In  addition  to  being  non-zero,  real,  continuous,  and  outwardly-decaying,  F  should  have  at 
least  first-order  differentiability  so  that  it  does  not  introduce  discontinuity  to  cause  reflection.  For 
simplicity,  it  is  also  preferred  that  the  function  is  single- valued  and  independent  of  field  information. 
These  conditions  are  quite  easy  to  satisfy;  and  the  following 


and 


F{x,y,z)  =  - 


F{x,y,z)  =  cos"^ 


(5a) 


(5b) 


are  two  examples  of  F  in  Cartesian  coordinates,  if  m,n,p,q,u  and  v  are  greater  than  zero. 
and  Lz  are  the  lengths  of  attenuation  paths  in  the  x,  y  and  a  directions,  respectively. 
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Figure  2:  TE  (horizontal)  polarized  plane  wave  incident  at  an  obBque  angle  on  an  interface. 

3  Reflection  Coefficient 

The  following  analytical  example  is  intended  to  demonstrate  that  the  physical  reflection  at  a  medium 
discontinuity  will  not  be  affected  if  (4)  is  satisfied.  The  derivation  is  similar  to  the  plane  wave  case 
in  [9].  Assume  that  a  TE  (perpendicular)  polarized  plane  wave  is  incident  obliquely  on  the  interface 
of  medium  1  and  medium  2,  as  shown  in  Figure  2.  The  auxiliary  incident  fields  can  be  expressed  as: 

E'  =  (6a) 

H’ =  (— flr  cos^i  +  02  sin  ^,')|ff'(x,z)|e  (6b) 

where  Vi  is  the  phase  velocity  of  the  auxiliary  fields  in  region  1,  and  i  indicates  the  incident  fields. 
The  reflected  and  transmitted  fields  of  the  auxiliary  system  can  be  expressed  accordingly. 

Under  (4),  the  tangential  components  of  the  auxiliary  fields  are  continuous,  like  the  physical  fields. 
Substituting  the  incident,  reflected  and  transmitted  field  expressions  into  the  continuity  equations 
leads  to  Snell’s  laws  of  reflection  and  transmission: 


—  sin  Oi  -  —  sin  0t 

Vi  V2 

as  well  as  the  reflection  and  transmission  coefficients  F  and  T : 

^  ^  I  JE;"(i,  2  =  Q)[  _  7?2  cos  0i  -  TlxCOSBj 
\E^{x,Z  =  0)1  7)2  cos  9{  +  7]iCOS0t 

2=0)1  ^  2772  cos 

|E*(l,  2  =  0)1  7)2  cos  6i  +  TjiCOSdt 

where  771  =  is  the  wave  impedance  of  the  auxiliary  waves  in  medium  1,  and  772  = 

represents  that  in  medium  2.  Since  the  phase  velocities  and  wave  impedances  are  identical  in  the 
physical  and  auxiliary  systems,  the  propagation  directions,  dictated  by  Snell’s  laws,  are  maintained 
and  the  coefficients  given  in  (8)  and  (9)  are  equal  to  those  of  the  physical  case  given  in  [9].  There¬ 
fore,  the  transparent  absorbing  boundary  does  not  introduce  additional  reflections,  regardless  of  the 
frequency  and  incident  angle  of  the  waves. 


Figure  3:  Local  reflection  errors  that  are  due  to  the  TAB  absorption. 


4  Numerical  Reflections 


To  show  the  TAB’s  characteristics  numerically,  the  reflection  errors  of  a  two-dimensional  TM  polarized 
cylindrical  wave  are  computed,  using  the  methodology  suggested  by  Moore  [12].  The  computational 
domain  is  shown  in  Figure  1,  with  the  source  in  the  center  of  the  subject  domain  that  is  free  space 
now.  The  dimensions  of  the  domains  are  2i  =  4  m  and  2D  =  S  m.  The  amplitude  modulation 
function  is  given  as  below: 


if  (x.y)  in  the  transition  domain 
otherwise 


(10) 


The  transition  region  is  still  used  to  measure  the  reflections  caused  by  the  TAB'S  loss  mechanism. 
Yee’s  algorithm  [13,  14]  is  used  to  approximate  (2a)  and  (2b).  The  cells  are  0.05  m  x  0.05  m  in 
dimension,  which  makes  the  transition  domain  40  cells  thick.  The  Courant  number  ^  is  taken 
to  be  0.7,  and  the  time  duration  is  100  steps.  The  computations  were  made  with  double  precision. 

Figure  3  shows  the  distributions  of  local  reflection  errors.  They  are  lower  than  10~®  (i.e.,  -160 
dB);  in  other  words,  the  TAB  is  reflection-free,  as  expected.  The  data  shown  on  the  left  are  the  errors 
at  300  MHz,  collected  along  two  horizontal  lines  off  the  symmetry  line  by  some  distances.  Since  the 
distributions  are  along  the  different  observation  lines,  the  low  reflections  in  the  two  cases  indicates 
that  the  TAB  is  independent  of  the  incident  angles  of  the  source.  The  data  showm  on  the  right  w'ere 
computed  at  150  MHz  and  300  MHz,  and  collected  along  the  horizontal  line  that  is  1  m  off  the 
symmetry  line.  It  is  clear  that  the  operating  frequency  has  little  effects  on  the  low  reflection  of  the 
TAB;  i.e.,  the  loss  mechanism  is  independent  of  frequency. 

It  should  be  pointed  out  that  the  reflection  errors  shown  in  Figure  3  are  solely  due  to  the  artificial 
loss  mechanism.  It  is  this  kind  of  reflection  that  limits  the  applications  of  most  absorption-based 
truncation  methods.  Like  the  PML,  the  TAB  is  virtually  reflection-free  and  independent  of  frequency 
and  incident  angle  at  the  interface  betw’een  the  free  space  and  the  artificial  lossy  media.  The  other 
type  of  reflection  into  the  free  space  region  is  caused  by  the  numerical  implementation  at  the  exterior 
boundary,  such  as  the  perfect  electric  conducing  (PEC)  termination  used  in  the  PML.  Such  a  reflec¬ 
tion  is  not  intrinsic  to  the  analytical  absorbing  mechanism  and  may  vary  with  different  numerical 
implementations.  Therefore,  it  is  eliminated  during  the  computations  by  stopping  the  computation 
before  such  a  reflected  wave  reaches  the  subject  domain. 
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Figure  4:  The  numerical  solutions  of  the  of  a  plane  wave  traveling  outwardly  in  both  directions. 

5  Domain  Truncation  for  Finite  Dijfference  Methods 

It  is  mentioned  in  the  previous  section  that  the  imperfection  due  to  the  numerical  implementation 
near  the  exterior  boundary  may  cause  some  reflections.  They  are  not  intrinsic  to  the  analytical 
reflection-free  loss  mechanism.  In  this  section,  we  use  two  one-dimensional  examples  to  show  that 
that  kind  of  reflections  are  indeed  caused  by  the  finite  difference  schemes,  instead  of  the  analytical 
absorbing  method. 

Assume  that  a  plane  wave  source  is  located  in  the  middle  of  an  one- dimensional  free- space  domain, 
and  the  wave  propagates  in  both  directions.  The  entire  domain  amplitude  modulation  function 

f{^)  =  1  -  ,  if  |a;|  <  L  (11) 

is  used  to  truncate  the  computational  domain  of  2X  =  4  m.  Both  Yee’s  algorithm  and  the  Lax- 
Wendroff  scheme  [15]  are  applied  to  find  the  auxiliary  E  field.  The  results  are  then  converted  back 
to  Eo,  and  compared  with  the  exact  solution.  In  the  computations,  the  Courant  number  is  equal  to 
1,  the  ceU  size  is  0.025A,  and  the  time  duration  is  400  steps  which  is  sufficiently  long  for  the  reflected 
waves  to  bounce  back  and  forth  a  few  times  in  the  domain.  The  numerical  results  are  shown  in 
Figure  4,  along  with  the  exact  solution  of  the  problem. 

The  computed  results  on  the  left-hand  side  were  obtained  using  the  Lax- Wendroff  scheme  in  which 
the  E  and  H  fields  are  collocated.  The  numerical  solution  agrees  excellently  with  the  exact  solution. 
Those  on  the  right-hand  side  were  computed  with  Yee’s  algorithm  where  the  E  and  H  grids  are 
staggered.  Without  modifications,  the  result  is  contaminated  by  the  reflections  generated  near  the 
two  boundary  ends,  as  showm  by  the  dashed  line.  The  reflections  are  caused  by  the  staggered  finite 
difference  approximation,  which  can  be  illustrated  with  the  help  of  Figure  5.  At  the  last  H  grid  (a 
half  cell  away  from  the  boundary),  the  Yee  equation  for  the  magnetic  field  is 


■^iiV-0.5  ~  ^ - (  1  + 


Vo  JN-0.5 


=  (12) 


because  of  /,v  =  0.  If  the  initial  value  is  zero,  will  be  always  close  to  zero,  which  is  equivalent 

to  a  magnetic  conducting  wall  at  the  grid  point.  An  identical  wall  occurs  at  the  other  end  of  the 
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Figure  5;  The  one-dimensional  illustration  of  a  staggered  grid,  such  as  the  Yee’s. 
domain.  Modifications,  such  as  the  following, 

mvX., = \  ^ 

are  needed  to  avoid  the  problem.  With  (13),  the  formation  of  the  magnetic  wails  are  prevented;  and 
the  computed  result,  showm  as  the  dot,  agrees  well  with  the  exact  solution.  Thus,  such  reflections 
are  associated  with  the  particular  numerical  scheme,  instead  of  the  artificial  loss  mechanism.  It  is 
noticed  that  the  effectiveness  of  (13)  depends  upon  the  values  of  the  Courant  number  7,  and  varies 
with  the  dimensions  of  the  problems.  Further  research  is  necessary  in  order  to  prevent  the  numerical 
reflection  walls  associated  with  the  staggered  scheme. 


1  + 


-57- -  ^\n-i 

^/A-0.5 


(13) 


6  Conclusion 

A  new  analytical  approach,  the  Transparent  Absorbing  Boundary  (TAB),  has  been  proposed.  The 
TAB  introduces  an  artificial  loss  mechanism  that  can  be  mathematically  identified.  With  the  TAB 
method,  a  physical  problem  in  an  unbounded  space  can  be  solved  in  a  closed  domain,  with  the  aid  of 
the  auxiliary  fields. 

Like  the  popular  PML  method,  the  TAB  is  reflection-free,  independent  of  frequency,  and  uncon¬ 
strained  by  the  incident  angle.  The  uniqueness  of  the  TAB  is  that  it  does  not  need  the  additional 
transitional  domain.  Besides,  it  can  be  directly  applied  to  time-  and  frequency-domain  finite  methods, 
such  as  the  Finite  Difference  Time  Domain  (FDTD)  and  the  Finite  Element  Method  (FEM).  Poten¬ 
tially,  it  is  suitable  to  truncate  an  arbitrary  convex  domain  by  defining  the  amplitude  modulation 
function  F  according  to  the  shape  of  the  domain. 

Analytical  and  numerical  examples  showed  that  the  TAB  itself  does  not  create  reflections.  The 
method  has  been  successfully  implemented  to  truncate  the  collocated  Lax-Wendroff  scheme.  However, 
w'hen  used  along  with  the  popular  Yee  staggered  algorithm,  an  artificial  magnetic  conducting  w'all  is 
formed  near  the  exterior  boundary.  It  should  be  noted  that  this  is  associated  only  with  staggered 
schemes  and  is  presented  as  a  future  challenge.  Hopefully,  the  strengths  and  challenging  issues  of 
the  TAB  will  stimulate  new  ideas  and  further  research  to  improve  the  computational  efficiency  and 
accuracy  of  finite  methods. 
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THE  DESIGN  OF  MAXWELLIAN  SMART  SKINS 
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Fabrice  AUZANNEAU,  CEA  CESTA,  BP  2,  33114  Le  Barp,  FRANCE 

1  -  INTRODUCTION 

Electromagnetic  absorbers  have  m2iny  practical  usages  and  demand  for  them  is  increasing.  These  include 
the  now  famous  stealth  technologies  and  practical  EMI/EMC  countermeasures  for  personnel  communications  and 
computers,  as  well  as  the  more  traditional  cone  absorbing  materials  for  anechoic  chEunbers.  The  immense  interest 
in  complex  media  such  as  artificial  chiral  materials  [1-4]  has  arisen  from  such  needs.  The  artificial  chiral  materials 
such  as  the  helix-loaded  substrates  [3]  Eire  worthy  of  particular  note  since  they  represent  a  very  nice  example  of 
our  current  ability  to  engineer  absorbers  which  have  strong  magnetic,  as  well  as  electric,  properties  designed  into 
them.  In  contrast,  artificial  dielectrics  have  been  known  for  many  years  [5-7]  and  have  found  uses,  for  exaimple,  as 
light-weight  lenses  and  currently  as  photonic  band-gaps  [8]. 

Absorbers  have  also  attracted  much  attention  recently  in  the  computational  electromagnetics  community.  The 
need  to  truncate  the  simulation  domain  in  any  finite  difference  or  finite  element  approach  is  well-known.  Mziny 
approaches  have  been  developed  to  achieve  this  truncation;  they  are  generally  classified  now  simply  as  absorbing 
boundary  conditions  (ABCs).  Like  with  any  real-life  absorber,  the  perfect  ABC  would  absorb  perfectly  any 
frequency  of  electromagnetic  radiation  incident  upon  it  from  any  angle  of  incidence.  The  Berenger  perfectly 
matched  layer  (PML)  ABC  [9]  comes  quite  close  to  this  goal.  However,  the  PML  ABC  is  implemented  in  a  non- 
Maxwellian  fashion  through  the  field  equation  splitting  introduced  by  Berenger  [9].  This  is  not  a  serious  drawback 
numerically,  but  it  does  mean  that  a  PML  region  can  not  be  realized  physically. 

A  broad  bandwidth  absorbing  material  that  is  Maxwellian  has  been  introduced  in  [10].  It  is  based  upon  a 
generalization  of  the  Lorentz  model  for  the  polarization  and  magnetization  fields  that  includes  the  time  derivative 
of  the  driving  fields  as  a  source  term.  The  physical  basis  for  this  time-derivative  Lorentz  material  (TD-LM)  model 
has  been  discussed  [11].  Suggestions  have  been  made  [10]  for  potential  realizations  of  this  TD-LM  material  with 
a  proper  engineering  of  artificial  materials.  This  paper  represents  a  more  detailed  look  at  the  use  of  electrically 
small  radiating  elements  combined  with  a  proper  selection  of  circuits  to  achieve  a  perfect  absorber.  Because  they 
are  small,  these  artificial  molecules  can  be  integrated  into  the  surfaces  of  an  object  and  can  be  designed  to  cause 
active  or  passive  variations  in  the  responses  (active  or  passive  components  in  the  circuits)  from  the  electromagnetic 
field  interactions  with  these  structures.  Potential  applications  include  novel  sensors  and  detectors  as  well  as  smart 
RCS  surfaces  and  absorbers. 

The  electrically  small  antennas  we  have  considered  to  date  are  discussed  in  Sections  2  and  3.  The  corresponding 
artificial  electric  and  magnetic  molecules  are  detailed  in  Sections  4  and  5.  The  results  from  modeling  these  smart 
structures  with  the  finite  difference  time  domain  approach  are  discussed  in  Section  6.  Conclusions  are  drawn  in 
Section  7. 

2  -  DIPOLE  ANTENNA 

We  consider  an  electrically  small  dipole  antenna  (i.e.  fc/o  <  1,  where  2/o  is  the  physical  length  of  the  antenna 
and  k  is  the  free  space  wavenumber)  as  shown  in  figure  1-a. 


(a)  dipole  (b)  loop 


figure  1 
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For  an  induced  current  law  on  the  dipole  of  the  triangular  form 


I(z)  =  /„(1  -  M) 


the  eifective  length  h  of  the  antenna  is  A  —  — /q  sin  9  ag  and  the  induced  open  circuit  voltage  at  the  dipole  terminals 
is 

Voc  =  Eh 

Using  Thevenin’s  equivalent  circuit  for  the  dipole  and  its  load,  we  find  the  current  at  the  terminals  to  be 


=  I(z  =  0)  = 


Voc 


Zin  +  Zl 


where  is  the  input  impedance  of  the  antenna  and  Zl  is  the  impedance  of  the  load. 

The  equivalent  polarization  of  the  resulting  ‘electric  molecule’,  i.e.,  the  small  dipole  antenna  coupled  to  the 
load,  is  thus  given  by 

■  =  €QXtE 


P  = 


juV 


where 


Xe  = 


K, 


-juZdiu) 

is  the  equivalent  electric  susceptibility  of  the  composite  material, 


(1) 


Ke  =  — —  COS  sin  0 

eoV 


is  a  positive  constant,  is  the  polarization  angle  between  the  dipole  and  the  incident  electric  field,  V  is  the 
effective  volume  in  which  the  composite  permittivity  is  constant,  Zd(v)  =  Zi„  +  Zl  is  the  total  impedance,  and  to 
is  the  permittivity  of  vacuum. 

The  input  impedsmce  of  an  electrically  short  dipole  antenna  is  approximately 


Zi^i^)  = 


1 


-juCd 


where  Cd  =  ttcoIo/Q  is  the  equivalent  capacitance  of  the  dipole,  and  =  ln(2/o/a<i)  is  the  antenna  thickness  factor. 
The  load  is  defined  by  passive  elements.  Various  combinations  are  considered  in  Section  4, 


3  -  LOOP  ANTENNA 

For  an  electrically  small  loop  antenna  (i.e.  kro  1,  where  ro  is  the  loop’s  radius)  as  shown  in  figure  1-b,  the 
induced  current  is  a  constant  Iq.  Using  Norton’s  equivalent  circuit  for  the  loop  and  its  load,  we  find  the  current 
at  the  terminzils  to  be 

lo  =  2roH  ^h  +  h 

where  h  is  the  current  flowing  through  the  antenna  impedance  and  II  is  the  current  through  the  load.  The  voltage 
at  the  load  is 

Vl  —  IlZl  —  laZin 

SO  we  derive  the  expression  for  the  current  la 


/.  =  W(i  +  ^) 

The  input  impedance  of  an  electrically  small  loop  antenna  is  approximately 

^in(w)  =  —juLi 

where  Li  =  Aioro(ln  ^  —  2)  is  the  equivalent  inductance  of  the  loop. 
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The  equivdent  magnetization  of  the  resulting  “magnetic  molecule”,  i.e.,  the  small  loop  antenna  coupled  to  the 
load,  is  thus  given  by 


M  =  =  XmH 


where 


Xm  =  ■ 


Kh 


1  +  ZinfZL 

is  the  equivalent  magnetic  susceptibility  of  the  composite  material, 

Kh  =  -^cos^*sin0 


(2) 


with  similar  notations  as  before. 


4  -  EXAMPLES  OF  LOADS 

4,1  -  Global  EM  properties  of  the  composite  material 

Due  to  the  fact  that  the  electric  molecule  produces  only  dielectric  properties,  and  the  magnetic  molecule  only 
magnetic  properties,  we  can  have  different  and  unrelated  behaviors  on  the  ‘dielectric  side’  and  on  the  magnetic 
side’.  Furthermore,  if  every  dipole  (or  loop)  is  oriented  in  the  same  direction  (under  the  action  of  an  electric  field 
for  example)  we  obtain  a  dielectric^ly  (or  magnetically)  anisotropic  material. 

Also,  it  appears  possible  to  design  a  matched  material  based  upon  the  dipole  and  the  loop,  i.e.  a  material 
with  Cr  =  /xr  on  a  large  frequency  band,  because  of  the  apparent  duality  between  the  dielectric  molecule  and  the 

magnetic  molecule.  .  i.  r  •  r 

Assuming  that  the  load  has  only  passive  components,  the  impedance  Zl  can  be  written  as  the  fraction  of  two 


polynomials  of  —  jw 


Zl(w) = 


Pn{-3^) 

Qm(-jw) 


E 

i=0 _ 

E 

i=0 


(3) 


where  the  pi  and  5,-  are  positive  real  numbers. 


4.2  -  Resistor  load  //  v-.  \ 

The  simplest  load  is  a  single  resistor  R.  When  connected  to  the  dipole,  the  total  impedance  is  Zj  =  R—  l/(j  wu?) 
and  the  electric  susceptibility  is  given  by 

_  KeCd 
”  1  -  juRCd 

which  is  similar  to  the  Debye  model. 

When  connected  to  the  loop,  the  load  impedance  is  Zl  =  R  and  the  magnetic  susceptibility  is  given  by 

Kh 

l-juLi/R 

which  is  a  magnetic  Debye  model. 

In  each  case,  the  material  has  positive  losses,  since  the  components  are  passive. 


4.3  -  LRC  loads 

When  connected  to  the  dipole,  an  LRC  series  load  gives  the  following  electric  susceptibility 

_  KeCtoii^o 
~  ul-u^-juR/L 

where  Ctot  =  CdCf{Cd  +  C)  is  the  resultant  capacitance  and  wo  =  is  the  resonant  frequency  of  the  total 

circuit.  This  results  in  the  well  known  Lorentz  dispersion  model.  Note  that  wq  =  IfLCtot  is  the  resonant  frequency 
of  the  total  circuit,  including  the  antenna. 
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When  connected  to  the  loop,  the  LRC  parallel  load  gives  the  following  magnetic  susceptibility 

where  Ltot  =  LiL/{Li  +  L)  is  the  resultant  inductance  and  wo  =  Ijy/LtotC  is  the  resonant  frequency  of  the  total 
circuit.  This  results  in  the  magnetic  Lorentz  dispersion  model. 


4.4  -  Other  loads 

When  a  parallel  RC  circuit  is  connected  to  the  dipole,  or  by  duality  a  series  LR  is  connected  to  the  loop,  we 
obtain  a  time  derivative  Debye  dielectric  or  magnetic  model,  caracterized  by 


Xe  —  CdKt  R-j{L+Li)w 


When  a  parallel  LR  circuit  is  connected  to  the  dipole,  or  by  duality  a  series  RC  is  connected  to  the  loop,  we 
obtain  a  time  derivative  Lorentz  dielectric  (presented  in  [10]  and  [11])  or  magnetic  model  (TD-LM),  characterized 


by 


=  K,Ci 


Wn—iu>IRCd 

u^-w^-jw/RCd 


Xm 


-juRfLi 

^-juR/Lt 


It  is  also  possible  to  derive  a  double  time  derivative  Debye  or  Lorentz  Material  by  changing  the  loads.  For 
example,  the  2TD-LM  dielectric  material  is  obtained  for  a  parallel  LRC  load,  while  the  2TD-LM  magnetic  material 
is  for  the  series  LRC  load. 

In  each  of  the  cases  described  above,  the  possibility  of  having  a  matched  material  (i.e.  Cr  =  is  subject  to 


the  condition 


1  _  2^  =  -jw— { - - 


(4) 


5  -  FDTD  IMPLEMENTATION 

The  FDTD  implementation  is  made  by  using  an  algorithm  analogous  to  the  Auxiliary  Differential  Equation 
Method.  The  electric  (resp.  magnetic)  susceptibility  is  explicitly  written  employing  equation  1  (resp.  2),  where 
the  load  impedance  Zl  is  written  as  a  fraction,  employing  relation  3.  Then,  after  reduction  of  the  denominators, 
the  equation  obtained  is  transformed  into  a  partial  differential  equation,  assuming  a  time  derivative  d  /dt  for 
each  term  (-jw)” .  We  show  hereafter  some  examples  of  these  partial  differential  equations. 

5.1  -  Resistor  load  :  Debye  models 

Thus  the  simple  resistor  load  leads  to  the  following  equations,  relating  P  and  E,  M  and  H 

at  ^  RCt  R 
an  ^  R,.  KiR 


5.2  -  LRC  loads  :  Lorentz  models 

A  series  LRC  load,  connected  to  the  dipole  and  a  parallel  LRC  to  the  loop  lead  to  the  following  equations 

d^P  RdP  1 

dt^  ^  L  at  ^  LCiot  L 

d^M  J_^  -L^M  = 

dt^  RC  dt  LtotC  LtotC 


101 


5.3  -  Time  Derivative  Lorentz  Materials 

The  parallel  LR  load  connected  to  the  dipole  and  the  series  RC  connected  to  the  loop  lead  to  the  following 
differential  equations 

dt^  RCidt  LC/  Rdi^L 
d^M  RdM  1  KhRdH  Kh  „ 
dt^  L}  dt  LiC  ~  Li  dt  ^  LiC 


6  -  NUMERICAL  RESULTS 
6.1  -  Matched  Debye  material 

In  order  to  have  a  refiectionless  material,  equation  4  leads  to 

K,Cd  =  Kh  RiRdCd  =  Li 

The  first  equation  enables  us  to  choose  the  dimensions  of  the  antennais,  while  the  second  provides  their  respective 
loads.  We  designed  a  matched  absorbing  multilayer  material,  with  a  taper  on  the  loads.  The  following  picture 
shows  that,  for  an  incident  wave  of  unit  amplitude,  the  reflected  wave  is  less  than  2.10“^V/m,  and  the  transmitted 
wave  is  attenuated  in  its  propagation  through  the  material. 
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6.2  -  Matched  Lorentz  and  TD-LM  materials 

In  order  to  have  a  reflectionless  material,  equation  4  leads  to  the  two  previous  equations  plus 

LdCd  —  L\C\ 

This  leads  essentially  to  the  same  analytical  and  numerical  results  as  was  obtained  with  the  matched  Debye  material 
for  normally  incident  electromagnetic  (i.e.,  ID  plane)  waves. 

7  -  CONCLUSIONS 

The  possibility  of  constructing  artificial  molecules  from  loaded  elementary  electric  and  magnetic  dipole  antennas 
has  been  examined.  The  design  of  the  loads  of  these  molecules  allows  one  to  achieve  particular  polarization  and 
magnetization  properties.  The  resultant  characteristics  of  these  artificial  molecules  lead  to  lossy  electric  and 
magnetic  material  designs.  For  instance,  since  the  polarization  and  magnetization  properties  can  be  properly 
proportioned,  one  can  readize  extremely  interesting  refiectionless  electromagnetic  absorbers.  These  “smart  skins” 
have  many  potential  uses. 
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Several  basic  cases  were  discussed.  They  have  been  tested  numerically  with  FDTD  implementations  in  ID. 
Many  more  parameter  studies  must  be  made  and  are  currently  under  investigation.  The  response  of  the  matched 
materials  to  various  incident  pulse  shapes  are  being  considered  as  well  as  their  behavior  when  their  thickness  and 
loss  parameters  are  varied  significantly.  Obliquely  incident  plane  waves  cases  are  also  being  considered.  Future 
studies  will  include  the  use  of  active  molecules  achieved  with  nonlinear  loads  and  their  reponse  to  broad  bandwidth 
incident  pulses. 
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1.  Introduction 

The  numerical  modeling  of  periodic  structures,  such  as  photonic  band  gap  (PBG)  structures  and 
frequency  selective  surfaces  (FSS),  is  important  in  the  design  of  antennas  and  other  devices  [1].  Cur¬ 
rently,  most  available  techniques  are  based  in  the  frequency  domain  and  thus  can  analyze  periodic 
structures  for  only  one  frequency  at  a  time.  This  can  be  a  severe  limitation  for  analyzing  periodic 
structures  which  operate  over  a  broad  frequency  band.  An  alternative  approach  is  to  employ  time- 
domain  techniques  such  as  the  finite-difference  time-domain  algorithm.  A  primary  consideration  with 
using  a  time-domain  approach  for  a  periodic  structure,  however,  has  been  the  implementation  of  an 
efficient  technique  for  modeling  the  periodic  boundary  condition  for  plane  waves  at  arbitrary  angles  of 
incidence.  Recently,  progress  has  been  made  in  this  area  with  the  development  of  a  simple  two- 
dimensional  technique  called  the  split-field  update  (SFU)  method  that  incorporates  a  periodic  boimd- 
aiy'  condition  in  the  time-domain  and  maintains  the  capacity  to  compute  wide  bandwidth  responses  [2]. 
In  this  work,  this  methodology  is  extended  to  three  dimensions,  and  the  resultant  algorithm  is  em¬ 
ployed  to  analyze  a  PBG  structure  and  a  thick  FSS.  Comparisons  of  the  results  of  the  method  are 
made  with  data  from  measurements  and  other  numerical  methods. 

2.  Formulation 

The  periodic  boundary  condition  is  taken  into  consideration  through  a  Floquet  related  trans¬ 
formation  of  Maxwell’s  equations  which  is  presented  in  [3]  and  [4]  and  briefly  described  below.  Since 
these  equations  are  unstable  when  the  traditional  leap-frog  approach  of  the  finite-difference  time- 
domain  algorithm  is  employed,  and  the  approach  given  in  [4]  is  complex  to  implement,  a  split-field 
update  (SFU)  technique  was  developed  [2].  The  SFU  technique  uses  field  splitting  in  discretizing  the 
transformed  field  equations.  The  fields  are  staggered  in  space,  but  for  stability  some  of  the  split  elec¬ 
tric  and  magnetic  fields  are  updated  with  the  leap  frog  method  at  each  half  time  step,  and  the  rest  of  the 
split  fields  are  computed  with  additional  equations.  For  the  problems  under  consideration,  the  propa¬ 
gation  direction  of  the  incident  wave  is  in  the  x-z  plane  only,  but  the  structure  is  periodic  in  both  x 
and  y .  The  three  dimensional  formulation  for  an  incident  plane  wave  approaching  the  origin  as  shown 
in  Fig.  1  is  given  by  the  equation 
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£'”'{x,7,z,r)  =  Cv[ 


xsin0  y  zcos0 

- +  —+ - +/ 

c  c  c 


(1) 


where  c  is  the  velocity  of  light  in  free  space,  and  0  is  the  angle  of  incidence.  Using  the  frequency  do¬ 
main  transform  given  by 


jk^x 


(2) 


where  sin0  the  Floquet  condition  in  the  time  domain  simplifies  to 


p[x  +  T^,y  +  Ty)  =  P{x,y) 


(3) 


for  P  and  similarly  for  Q  [3, 4].  After  transforming  Maxwell’s  equations  in  the  frequency  domain  with 
(2),  they  are  converted  back  to  the  time  domain,  and  the  field  splitting  approach  is  employed  to  discre¬ 
tize  them.  For  example,  Py  is  given  by 


dt  dz  dx 

which  is  expressed  in  the  split  field  form  as 

dt  V 


sin(0)  30.  ^ 
c  dt  ^ 


(4) 


(5) 


and 


y  ya  _ 


(6) 


where  r|^  is  the  free  space  wave  impedance,  and  c  is  the  velocity  of  light  in  free  space.  Following  the 
procedure  given  in  [2],  the  SFU  equations  for  the  three  dimensional  case  can  be  expressed  as 


(d-P,”  dyP:) 

(7) 

p,*i/2  ^  pn-ii2  -a^e;) 

(8) 

+— -  SA") 

(9) 

C’'"  =  -5-a”) 

(10) 
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^n+1/2 


pn+V2 

^za 


cAr 

\^r^o 


{s.p;-s,p;) 


=  pr''^+^^(e,e;-5,,e;) 


(11) 

(12) 


^«+i/2  sin0  p„+i/2 
^/7+I/2  _ _ Pt^o _ 

^  ^  sin^e 


pn+Vl 


_ _ 

^  sin^  6 


sine  ^„^y2 


(13) 


(14) 


(15) 


sin(e)^  .  (16) 

^Z- 

Equations  (7)  -  (12)  are  the  finite  difference  updates,  and  (13)  -  (16)  account  for  the  periodicity.  In 
(13)  -  (16)  the  fields  are  averaged  in  space  where  appropriate  to  maintain  second-order  accuracy. 

The  stability  condition  was  derived  for  this  formulation  using  a  Von  Neuman  eigenvalue  analysis  [2] 
(including  the  spatial  averaging)  and  is  given  by 


where 


_ cos^e _ 

|sin  0|  sin  ^  cos ^  ^ 

Ax 


(17) 


Z)  = 


sin^  ^cos^  ^sin^0 
Ax' 


sin'  E  cos'  0 


cos^  0  cos'  ^  cos'  0  sin'  0  cos'  6 
At'  Az'  Ay' 


^  =  cos-'f-A/2^'] 

V.2  J 


(18) 

(19) 


Ay'Ax^’ceSg  +  Ay'Az'‘(25|  +l)  +  4Ax'Ar''je  +  Ax'Ay'Az'5e(l  +  Ce) 
Ay'Ax'^Cg^  +  Ay'Az'^(l  +  Je )  +  4Ax'Az'*S9  +  2Ax'Ay'Az'5e 
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(20) 


(AyAx"4  -  AyAz^yAy^Ax'^SQCQ  +2Ax^Ay-Az~slcl  +4Ax^Az'^SqcI  +  Ay^Az^^ 

A>'^Ax'‘ce5e  +  AyAz'‘(l  +  50)  +  4Ax^Ar'‘5e  +2Ax^AyAz^j'e 

Sq  =  sin0  ,  and  Cq  =  cos0 . 

At  normal  incidence  (0  =  0),  the  stability  criterion  given  by  (17)  -  (20)  reduces  to  the  standard  FDTD 
stability  relation.  As  the  angle  of  incidence  increases,  the  required  time  step  decreases,  and  as  0  ap¬ 
proaches  grazing  incidence  (90®),  the  time  step  becomes  very  small  which  results  in  an  impractical 
number  of  iterations.  Due  to  this  limitation,  the  SFU  approach  becomes  computationally  intensive  for 
incident  angles  above  approximately  80®  degrees  (at  which  point  the  time-step  has  been  reduced  by 
approximately  a  factor  of  20).  For  the  larger  angles,  other  methods  can  be  used,  see  for  example  [5.  6, 
7,  10]. 

3.  Boundary  Conditions 

The  mesh  is  truncated  with  periodic  boundary  conditions  (PBCs)  at  the  surfaces  normal  to  the 
X  and  y  directions  and  a  radiation  or  absorbing  boundary  condition  in  the  ±z  coordinate  directions. 
The  PBC  is  implemented  by  setting  the  transformed  magnetic  fields  one-half  cell  outside  of  the  peri¬ 
odic  cell  boundaries  to  those  fields  one  periodic  cell  away  but  within  the  periodic  boundaries  using  (3). 

The  anisotropic  perfectly  matched  layer  (PML)  boundary  condition  is  employed  to  absorb  ra¬ 
diation  from  the  periodic  structure  that  impinges  upon  the  mesh  truncation  boundaries  in  +  z  [9].  Note 
that  the  conductivity  in  the  PML  needs  to  be  increased  for  larger  angles  of  incidence  to  provide  better 
absorption. 

4.  Analysis  of  a  Woodpile  Photonic  Band  Gap  Geometry  and  a  Thick,  Double, 
Concentric  Square  Loop 

The  SFU  method  is  used  to  analyze  a  wood  pile  PBG  structure  and  a  thick,  double,  concentric 
square  loop  FSS.  The  SFU  results  for  the  PBG  are  compared  with  results  from  a  frequency  domain 
multi-mode  matching  (MMM)  method  and  measurements  [7].  The  woodpile  and  its  dimensions  are 
shown  in  Figure  1.  Each  stick  forming  the  woodpile  is  the  same  size  and  has  the  same  permittivity. 
The  structure  is  doubly  periodic  in  x  and  y .  The  results  are  given  for  normal  incidence  in  Figure  2 
and  for  an  incident  angle  of  30  degrees  in  Figure  3.  The  numerical  results  from  the  SFU  agree  well 
with  the  data  from  the  MMM  technique,  and  the  results  are  similar  to  the  measured  data.  Note  that  the 
measurements  at  the  high  frequencies  are  more  inaccurate. 

A  top  view  of  one  cell  of  the  doubly-periodic,  thick  FSS  is  shown  in  Figure  4  [6,  8].  Thick 
conductors  with  square  cross  sections  form  the  loops.  The  percentage  of  power  reflected  is  computed 
for  this  case,  and  the  results  of  the  SFU  calculations  are  compared  with  method  of  moments  (MM)  and 
the  single-frequency  finite  difference  time  domain  (SF-FDTD)  results  given  in  [6,  8].  Figure  5  shows 
the  analysis  for  a  plane  wave  at  an  incident  angle  of  0  degrees,  and  Figure  6  shows  the  results  for  a  TM 
plane  wave  (Hy)  at  an  incident  angle  of  60  degrees.  For  the  0  degrees  incident  angle,  the  SFU  results 
agree  best  with  the  SF-FDTD  results.  For  the  60  degrees  case  shown  in  Figure  6,  the  SFU  results  are 
slightly  shifted  from  the  other  results,  but  good  general  agreement  is  observed. 


107 


5.  Conclusions 


The  two-dimensional  SFU  method  was  extended  to  three  dimensions  where  the  propagation  di¬ 
rection  of  the  incident  plane  wave  was  limited  to  the  x-z  plane,  but  the  periodic  structures  were  doubly 
periodic  in  x  and  y.  Comparison  of  the  numerical  results  with  those  from  measurements  and  other 
methods  showed  the  technique  modeled  both  geometries  well  over  a  band  of  frequencies.  This  ap¬ 
proach  is  being  extended  to  the  general  three  dimensional  case  for  a  plane  wave  at  an  arbitrary  angle  of 
incidence. 


Az 

Plane  Wave 
‘  ►x 


Incident 


E: 


□ 


□ 
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Figure  1.  Side  view  of  wood  pile  doubly-periodic  in  x  and  y.  (Each  stick  has  dimensions  of  W  -  1/8  in,  L 
=  0.4375  in  and  dielectric  constant  of  =  8.0 .  The  periodic  cell  is  LxL.  The  diagonally  shaded  sticks 
along  X  are  offset  from  each  other  in  the  same  fashion  as  the  sticks  along  y .) 


f(GHz) 

Figure  2.  Comparison  of  results  for  the  transmission  through  a  woodpile  PBG  with  normal  incidence. 
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Figure  3.  Comparison  of  results  for  the  transmission  through  the  woodpile  PBG  for  an  incident  angle  of 
30  degrees. 


Figure  4.  Top  view  of  thick,  double,  concentric  square  loop  doubly  periodic  in  x  and  y .  The  conductors 
forming  the  loops  have  a  square  cross  section  of  T/16  x  T/16  where  T  is  the  periodic  cell  dimension,  d  = 
T/16.  Wl/T  =  0.875  and  W2/T  =  0.6875  where  W1  and  W2  are  measured  from  the  centers  of  the  conduc* 
tor  widths. 
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Figure  5.  Percentage  of  power  reflected  for  the  thick,  double,  concentric  square  loop  for  a  plane  wave  at 
an  incident  angle  of  0  Degrees. 
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Figure  6.  Percentage  of  power  reflected  for  the  thick,  double,  concentric  square  loop  for  a  plane  wave  at 
an  incident  angle  of  60  Degrees. 
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Modeling  Dispersive  Soil  for  FDTD  Computation 
By  Fitting  Conductivity  Parameters 

Carey  M.  Rappaport  and  Scott  C.  Winton 
Center  for  Electromagnetics  Research 
Northeastern  University 
Boston.  MA  02115 


Abstract  The  electrical  parameters  of  soils 
are  strongly  dependent  on  their  type,  physical 
characteristics,  and  electromagnetic  excitation  fre¬ 
quency.  When  numerically  modeling  soil  for  sub¬ 
surface  sensing  simulation,  it  is  particularly  im¬ 
portant  to  accotmt  for  this  dispersion.  When 
computations  are  done  in  the  time  domain,  this 
dispersion  becomes  problematic.  Using  a  differ¬ 
ence  equation  relation — and  its  corresponding  Z- 
transform — to  model  dispersion  between  electric 
field  and  current  leads  to  an  approximation  of 
complex  conductivity  in  the  form  of  a  ratio  of 
polynomials  in  Z~-  (where  Z  = 

It  is  shown  that  if  the  real  dielectric  constant 
is  held  constant  at  an  average  value  and  conduc¬ 
tivity  only  is  matched  with  a  single  (2,2)  Pade 
approximant  <t{/)  =  (6o  +  + 

aiZ~^  -h  a2Z~~),  then  the  resulting  propagation 
number  0{f)  and  decay  rate  o(/)  will  both  closely 
match  those  corresponding  to  real  soil  measure¬ 
ments.  In  particular,  a  simple  relation  governing 
the  frequency  behavior  of  conductivity  as  a  func¬ 
tion  of  soil  moisture  and  density  is  presented, 
allowing  for  the  efficient  numerical  prediction  of 
wave  propagation  in  soils  of  varying  environmen¬ 
tal  characteristics.  Computed  FDTD  results  for 
scattering  in  soil — with  the  computational  lat¬ 
tice  terminated  with  a  “soil-tuned“  PML  absorb¬ 
ing  boundary  condition — clearly  show  the  signif¬ 
icance  of  media  dispersion 


I.  INTRODUCTION 

Recent  interest  in  ground  penetrating  radar  for 
locating  and  identifying  buried  waste,  land  mines, 
and  excavation  obstacles  has  motivated  the  develop¬ 
ment  of  advanced  computational  tools  to  simulate 
wave  propagation  in  soil.  In  particular,  the  need  ex¬ 
ists  to  analyze  ultra-wideband  signals  which  might 
balance  the  trade-off  between  penetration  depth  and 
target  resolution.  Soil  is  a  difficult  medium  to  model 
since  it  is  inhomogeneous,  lossy,  dispersive,  and  has 
an  irregular  surface  boundary.  For  fle.xibility  in  pre¬ 
dicting  radar  scattering  &om  both  metal  and  plas¬ 
tic  targets  buried  in  soil  with  rock  inclusions  and 
topped  with  vegetation,  the  Finite  Difference  Time 
Domain  offers  significant  advantages  over  other  stan¬ 
dard  computational  techniques. 

To  include  the  effects  of  frequency-dependent 
conductivity  and  dielectric  constant,  a  dispersive 
variant  of  the  FDTD  algorithm  must  be  employed. 


This  variant  is  nontrivial,  since  unlike  with  the  fre¬ 
quency  domain  constituitive  relation,  electric  flux 
and  field  are  related  by  convolution  in  the  time  do¬ 
main:  D  =  e*E.  The  electric  current  is  also  a  more 
complicated  function  of  electric  field  in  the  time  do¬ 
main,  since  conductivity  cannot  merely  be  included 
as  part  of  a  complex  permittivity. 

The  standard  approaches  to  modeling  disper¬ 
sion  in  the  FDTD  method  involve  either  recursively 
computing  the  convolution  (as  cleverly  developed 
by  Luebbers,  et.  ai.  [1]);  or  by  approximating  the 
frequency  domain  dispersive  complex  dielectric  con¬ 
stant  with  a  series  of  simple  rational  functions  (De¬ 
bye  or  Lorentz  models)  of  jw  [2,3],  and  then  by  rnul- 
tiplying  the  constituitive  relation  by  the  denomina¬ 
tor  and  inverse  Fourier  transforming  the  result  into 
the  time  domain.  While  these  methods  are  effective, 
they  are  suffer  from  the  limitations  of  numerical 
computation.  Namely,  that  for  good  dispersive  me¬ 
dia  modeling,  higher-order,  multiple-pole  dielectric 
constant  functions  are  necessary;  but  as  the  order 
of  the  function  increases,  so  does  the  required  stor¬ 
age  of  previous  time  field  values  for  the  entire  grid, 
along  with  the  sensitivity  and  numerical  instability 
of  the  algorithm.  In  particular,  to  suit  the  concep¬ 
tual  elegance  and  simplicity  of  the  FDTD  method, 
it  is  important  to  keep  the  media  model  to  at  worst 
second-order.  This  presents  a  problem  for  the  con¬ 
ventional  complex  dielectric  constant  models,  which 
must  accurately  approximate  both  real  and  imagi¬ 
nary  frequency  dependencies  simultaneously,  using 
at  most  two  poles. 

For  certain  types  of  media,  however,  it  is  pos¬ 
sible  to  separate  the  modeling  of  real  dielectric  con¬ 
stant  and  conductivity.  In  both  biological  tissue  and 
soil,  for  instance,  the  lossy  dispersive  wave  propa- 
ation  is  governed  almost  entirely  by  the  frequency- 
ependent  conductivity.  For  these  media,  the  real 
dielectric  constant,  though  frequency-dependent,  does 
not  significantly  affect  either  the  real  propagation 
constant  B,  nor  the  decay  rate  a  [4].  As  such,  their 
electrical  characteristics  can  be  well-modeled  with 
a  constant  relative  permittivity  e' ,  and  a  second- 
order-in-frequency  conductivity  <7.  Further,  by  mod¬ 
eling  £7  in  terms  of  powers  of  the  Z-transform  vari¬ 
able  Z~^  (which  readily  transform  to  time  delays), 
the  conversion  of  the  generalized  dispersive  Ohm’s 
Law  Z{Z)  =  a(Z)E(Z)  to  the  time  domain  is  partic¬ 
ularly  straightforward  [5].  The  problem  addressed 
with  this  report  is  the  specific  selection  of  modeling 
parameters  for  a  typical,  well-studied  soil,  that  sim¬ 
ply  and  efficiently  accounts  for  variations  in  density 
and  moisture  content. 
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Modeling  Puerto  Rican  Clay  Loam 
Using  Second-Order  Conductivity 


Arguably  the  most  widely-cited  soil  measure¬ 
ment  study  is  that  of  Hipp  [6],  which  provides  con¬ 
ductivity  and  real  permittivity  of  San  Antonio  and 
Puerto  Rican  clay  loam  as  a  function  of  moisture  (as 
a  percent  of  dry  weight)  m,  and  density  (g/cc)  d,  for 
the  frequency  range  30  to  3840  MHz.  The  method 
for  developing  the  general  second-order  conductiv¬ 
ity  soil  model  is  based  on  this  experimental  data  set. 
While  other  soils  will  have  different  electrical  char¬ 
acteristics,  it  is  expected  that  general  trends  will  be 
similar  to  that  of  Puerto  Rican  clay  loam.  Also, 
because  of  the  wide  variety  of  soils,  and  the  diffi¬ 
culty  in  obtaining  carefully  generated  soil  measure¬ 
ments.  every  attempt  was  made  to  keep  the  rnodel 
parameters  as  simple  as  possible,  with  mostly  linear 
dependence  on  their  physical  characteristics. 


First,  to  maintain  easy  conversion  to  time  do¬ 
main  it  is  essential  that  the  conductivity  for  all  mois¬ 
ture  and  density  cases  have  the  form; 


J{Z)  _  bo  +  biZ-^ 

^  E{Z)  1*01.^-1+022-2 


(1) 


The  bi  and  a,-  coefficients  will  each  be  independent 
functions  of  m  and  d.  The  actual  measured  val¬ 
ues  of  conductivity  correspond  to  the  real  part  of 
ct(Z),  with  Z  =  for  FDTD  time  step  At. 

The  imaginary  part,  divided  by  ;2T/eo  adds  to  the 
frequency-independent  dielectric  constant  e'.  In  the 
time  domain,  Eqn.  (1)  becomes: 


J”  +  oiJ””^  +  coJ”*"  =  6oE”  +  6iE”  ^ 

and  Ampere's  Law,  as  usual,  is  given  by; 


+  62E"-^ 


(2) 


J" 


At 


(3) 


In  a  previous  publication  [7],  the  best  coeffi¬ 
cients  for  Puerto  Rican  clay  loam  were  determined 
for  each  separate  sample  of  moisture  and  density. 
Although  useful  from  a  numerical  view,  these  coef¬ 
ficients  are  not  very  helpful  for  the  practical  problem 
of  determining  wave  propagation  for  an  intermedi¬ 
ate  soil  condition.  To  address  this  difficulty,  a  more 
unified  approach  is  developed. 

For  the  various  moisture  and  density  cases  mea¬ 
sured  in  [6],  the  best  modeling  coefficient  values  of 
Eqn.  (1)  vary  considerably.  However,  the  denom¬ 
inator  coefficients;  oi  and  02-  only  differ  at  most 
by  about  15%.  Choosing  fixed  values  ci  =  —1.6 
and  a2  =  .64  and  allowing  variation  of  the  bi  co¬ 
efficients  gives  up  a  little  accuracy  but  provides  a 
more  simple  model.  Instead  of  finding  the  values 
of  bi  which  minimize  a  non-linear  cost  function  for 
each  moisture/density  case,  the  current  modeling 


method  simply  solves  for  61,  and  63  by  setting 
the  real  parts  of  a{Z)  in  Eqn.  (1)  to  the  measured 
values,  at  three  particular  frequencies:  120,  960.  and 
3840  MHz.  While  this  method  arbitrarily  ernpha- 
sizes  the  fit  at  these  frequencies,  it  avoids  justifying 
what  type  of  cost  function  to  use.  A  least-squares 
cost  function  for  normalized  error  in  <7  and  for 
example,  is  not  as  precise  as  for  normalized  error 
in  the  real  and  imaginary  parts  of  the  wave  num¬ 
ber  k  =  0  -  ja]  and  neither  appropriately  wei|hs 
the  error  on  decaying  wave  amplitude  across  the  fre¬ 
quency  range. 

The  bi  coefficients  for  constant  density  and  mois¬ 
ture  levels  m  =  2.5,  5,  10,  and  20  are  first  de¬ 
termined,  and  then  fit  to  simple  functions  of  m: 
bi  w  6,0  +  bn  log  m.  It  was  found  that  while  a  very 

food  fit  is  possible  for  each  bi,  the  numerator  of 
iqn.  (1)  is  small  for  low  frequencies  (where  Z  s:  1), 
so  that  small  errors  in  the  bi  approximations  lead 
to  large  errors  in  cr(/).  To  avoid  this  cancellation 
problem,  approximations  are  determined  for  bi.  60, 
and  the  sum  6s  =  f>o  +  61  +  62,  with  the  sum  having 
the  form  bs  «  6so  +  6sim  +  6s2Tn2.  The  resulting  co¬ 
efficients  for  d  =  1.2,  1.4,  and  1.6  are  given  in  Table 
1.  The  average  dielectric  constant  chosen  for  these 
models  is  simply  the  measured  value  at  960  MHz. 
A  quadratic  least-squares  fit  to  these  data  for  each 
density,  f(m)  =  eg  +  eim  +  e2m-  is  given  in  Table  2. 


Table  1:  Conductivity  Numerator  Coefficients 


Density  (g/cc) 

Coeff. 

1.2 

1.4 

1.6 

610 

611 

0.0484917 

-0.136191 

0.0540739 

-0.162553 

0.0160977 

-0.188476 

620 

621 

-0.0125623 

0.0574154 

-0.220495 

0.0722359 

-0.0004839 

0.0808164 

6so 

651 

6s2 

1.14562E-4 

-3.9964E-6 

1.01241E-6 

7.06024E-5 

-4.218E-6 

1.92513E-6 

1.1323E-3 

-1.2685E-5 

3.54086E-6 

Table  2:  Dielectric  Constant  Coefficients 


Coeff. 

Density  (g/cc) 

1.2 

1.4 

1.6 

fo 

2.8 

2.817 

3.95 

0.14 

0.171 

0.0632 

fz 

0.012 

0.181 

0.031S 

Figure  1  shows  the  accuracy  of  the  approxima¬ 
tion  for  d  =  1.4,  and  the  extreme  moisture  cases, 
m  =  2.5  and  20%.  Plotted  in  this  figure  are  the  mag¬ 
nitude  of  the  propagation  constant  0  and  decay  rate 
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■sigma  (2) 


Q  of  the  model  and  the  measured  values  of  Puerto 
Rican  clay  loam  as  a  function  of  frequency  for  the 
entire  measured  frequency  range  30  to  3840  MHz. 
Also  shown  in  the  inserts  are  the  fractional  errors 
and  Aa/a.  The  agreement  is  surprisingly 
good  for  such  a  simple  model  across  two  decades  of 
frequency.  It  should  be  noted  that  the  fit  is  even 
better  for  the  intermediate  moisture  values  5  and 
10%,  and  similar  for  the  other  density  cases. 


Soil-Tuned  PML  ABC 

With  all  FDTD  scattering  problems,  it  is  neces¬ 
sary  to  minimize  reflections  from  the  lattice  bound¬ 
aries  with  absorbing  boundary  conditions  (ABC). 
A  novel  ABC,  the  “soil-tuned”  Perfectly  Matched 
Layer  (PML),  has  been  developed.  The  soil-tuned 
PML  is  a  modified  version  of  the  Berenger  ABC  [8  ,9] 
which  specifically  absorbs  waves  incident  frorn  dis¬ 
persive  media.  Since  the  efficiency  of  transmission 
of  waves  into  the  PML  is  dependent  on  the  closeness 
of  match  of  the  transverse  wave  impedance  on  both 
sides  of  the  layer,  it  is  essential  to  select  the  electri¬ 
cal  parameters  of  the  PML  appropriately.  For  soil 
parameters  c^j,,  <7^11,  /I'oi).  the  desired  impedance 
match  condition  is: 


*?soil  — 


jOfo 


(^L>ii  “  i^^soii/wfo)eo 


^  (^soii  “  io-soii/w€o)eo(l  “  j<rp/u?eo) 

=  T}PML 


(4) 


where  cp  is  the  usual  increasing  conductivity  profile 
of  the  PML  layer.  While  the  relations  of  Eqn.  (4) 
correspond  to  the  transverse  impedance  only  tor 
normal  incidence  on  the  PML  layer,  the  split-field  or 
auxiliary  equation  PML  formulation  ensure  impedance 
match  for  all  incidence  angles,  provided  a  match  oc¬ 
curs  for  normal  incidence. 


Eqn.  (4)  therefore  specifies  the  effective  dielec¬ 
tric  constant  and  conductivity  in  the  PML  layer, 

^PML  —  4oil 

^PML  — 

(TPML  =  O-soW  +  C^il'T’P 

f^PML  =  'yp/^o/«0 

where  the  double  conductivity  term  -crsoii<Tp/(weo)^ 
is  neglected  as  negligible  compared  to  for  all 
but  the  largest  PML  conductivity  layers.  If  tTsoii 
were  frequency  independent,  Eqn.  (5)  would  pro¬ 
vide  constant  constituitive  parameters  for  the  PML 
equations  which  could  be  used  directly  in  the  time 
domain.  Since  o-soii  is  dispersive,  however,  the  PML 
equations  must  m^e  use  of  the  auxiliary  difference 


Eqn.  (2),  with  6,-  coefficients  in  Eqn.  (1)  adjusted  to 
account  for  the  new  conductivity  values  of  Eqn.  (5c). 
The  soil-tuned  PML  can  be  thought  of  a  rnodifica- 
tion  of  the  dispersive  media  calculation  with  split 
fields  and  magnetic  loss. 


Numerical  Test  Case 


Using  the  formula  derived  in  the  above  section 
to  specify  the  electrical  characteristics  of  Puerto  Ri¬ 
can  clay  loam  with  density  1.  g/cc,  and  10%  mois¬ 
ture,  a  2-dimensional  FDTD  escalation  simulating 
plane  wave  scattering  from  a  buried  one  wavelength 
diameter  circular  metal  cylinder  was  performed.  The 
geometry  of  the  scattering  lattice  is  shown  in  Fig¬ 
ure  2.  The  lattice  is  oversized  in  width,  500  grid 
points,  to  prevent  reflections  from  the  sides,  and  is 
terminated  with  an  8-cell  soil-tuned  PML,  to  pre¬ 
vent  reflections  from  the  back  lattice  boundary.  A 
0.96  GHz  modulated,  gaussian  envelope  plane  wave 
is  initiated  along  the  front  grid  boundary.  One¬ 
dimensional  FDTD  calculations  on  the  left  and  right 
edges  ensure  that  the  plane  wave  propagates  from 
front  to  back  without  distortion.  The  time  and 
space  steps  used  are  At  =  20  ps  and  Ax  =  4.6  mm, 
the  nominal  phase  velocity  is  u  =  c/y/P  =  .383c, 
and  the  Courant  number  is  held  at  0.5. 


Figure  2  Geometry  of  the  scattering  problem 


The  four  surface  plots  of  Figure  3  show  the  elec¬ 
tric  field  distribution  across  the  central  200  by  200 
grid  point  section  of  the  computational  grid  (indi¬ 
cated  in  Figure  2)  at  various  times.  The  upper  left 
and  right  plots  show  the  total  and  scattered  field 
as  the  incident  wave  begins  scattering  from  the  cir¬ 
cular  cylinder.  The  lower  two  plots  show  scattered 
field  100  and  300  time  steps  later.  The  scattering  is 
symmetric,  as  expected.  For  the  llOOAt  plot,  the 
residual  reflections  from  the  PML  ABC,  at  x  =  100, 
are  visible.  The  amplitude  of  these  reflections  are 
of  the  order  of  10"^,  which  is  about  3%  of  the  field 
amplitude  incident  on  the  back  boundary.  Although 
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still  rather  significant,  the  soil-tuned  PML  gener¬ 
ates  about  one-half  the  reflections  of  generated  by  a 
conventional  PML  used  to  terminate  this  dispersive 
medium. 

Figure  4  compares  frequency  independent  and 
dispersive  propagation,  by  showing  the  received  sig¬ 
nals  at  a  single  point  (iJl  in  Figure  2)  150  grid 
points,  directly  in  front  of  the  circular  scatterer. 
For  the  frequency  independent  case  (left  plots),  the 
conductivity  is  kept  constant  at  the  measured  value 
at  960  MHz,  0.032  S/m.  The  upper  plots  give  the 
total  field  for  the  two  cases,  indicating  only  minor 
differences  in  the  modulated  plane  wave  propaga¬ 
tion.  It  is  interesting  to  note  the  much  more  signif¬ 
icant  differences  in  the  lower,  scattered  field  plots. 
In  particular,  the  wave  amplitude  of  the  dispersive 
medium  is  twice  that  of  the  uniform  conductivity 
case,  the  propagation  speed  is  slightly  different,  and 
the  higher  frequencies  have  been  attenuated  with 
only  nine  discernible  maxima  compared  to  ten  in 
the  uniform  case. 


Conclusions 

A  model  of  dispersive  soil—with  simple  func¬ 
tional  dependence  on  moisture  and  density  that 
can  easily  be  adapted  into  the  FDTD  method  h^ 
been  developed.  Based  on  a  (2,2)  Fade  approxi- 
mant  in  transform  variable  ,  the  model  requires 
storing  at  most  four  additional  arrays  per  time  cal¬ 
culation.  For  simplicity,  the  model  maintains  con¬ 
stant  denominator  coefficients,  with  numerator  co¬ 
efficients  being  limited  to  a  worst  second  order  in 
moisture. 

Also  presented  is  a  soil-tuned  PML  absorbing 
boundary  condition,  which  is  a  modified  variant  of 
the  PML  used  to  terminate  dispersive  media  lat¬ 
tices.  In  this  new  formulation,  the  PML  constitu- 
itive  parameters  are  adjusted  to  ensure  transverse 
impedance  matching  with  the  dispersive  medium. 
Its  performance  for  soil  is  twice  as  good  as  the  con¬ 
ventional  PML. 

Clearly,  dispersion  is  important,  and  may  have 
a  greater  effect  in  two  or  three  dimensional  scatter- 
iug  applications.  Neglecting  to  model  the  frequency 
dependence  of  soil  in  wave  propagation  simulation 
can  lead  to  significant  errors.  The  current  model 
simply  and  effectively  approximates  the  dispersion 
for  Puerto  Rican  clav  loam  through  the  entire  30  to 
3840  MHz  band. 
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ABSTRACT 

A  hybrid  analysis  incorporating  the  FETD(Finite  Element  Time  Domain)  method 
into  the  FDTD  (Finite  Difference  Time  Domain)  method  has  been  developed  to 
analyze  locally  detailed  and  arbitrary  structures.  This  method  has  been  applied  to 
rectangular  waveguides  with  an  iris  of  finite  thickness.  The  comparison  of  calculated 
results  and  the  method  of  moments  solutions  verifies  this  analysis. 

I.  Introduction 

The  FDTD  method  has  been  extensively  used  for  the  full-wave  analyses  of  three- 
dimensional  microwave  structures  due  to  its  simplicity  and  numerical  efficiency. 
However,  modeling  structures  using  box-shaped  uniform  meshes  in  the  conventional 
FDTD  algorithm  gives  difficulty  in  dealing  with  locally  detailed  and  curved  struc¬ 
tures.  Typically,  curved  structures  are  modeled  using  stair-casing,  which  requires 
finer  meshes  and  dramatic  increase  in  memory  size.  The  locally  detailed  structures 
demand  globally  fine  meshes  as  well. 

The  FETD  algorithm  is  suitable  for  analyzing  arbitrarily  shaped  structures 
because  of  its  flexibility.  However,  the  FETD  method  is  not  so  efficient  as  the  FDTD 
method  because  it  requires  solving  a  system  of  simultaneous  equations  in  each  time 
step.  When  the  arbitrarily  shaped  parts  are  located  locally  in  the  analyzed  struc¬ 
ture,  combining  the  FDTD  algorithm  and  the  FETD  algorithm  can  give  salient 
features  which  have  both  the  efficiency  and  the  flexibility  [1]. 

The  hybrid  method  applies  the  standard  FDTD  algorithm  and  the  edge-based 
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FETD  algorithm.  The  rectangular  waveguide  with  an  iris  of  finite  thickness  has  been 
characterized  using  this  hybrid  method  by  applying  the  FETD  to  the  iris  region  and 
the  FDTD  elsewhere.  When  the  iris  thickness  is  zero,  the  calculated  results  are  com¬ 
pared  with  the  published  method  of  moments  solutions. 

II.  Hybrid  method 

This  method  hybridizes  the  FDTD  method  with  Super  absorbing  Mur’s  1st 
order  ABC(absorbing  boundary  condition)  and  the  FETD  method  with  the  regular 
brick  element. 

The  FETD  method  formulation  starts  from  the  vector  wave  equation  in  a 
linear  isotropic  region, 

d^E 

VxVxE  +  //e-^  =  0.  (1) 

The  weak  form  formulation  of  (1)  gives 

^(V  X  E)  •  (V  X  N)dv  -f  J  fieN  •  J  A  •  (V  x  E  x  h)ds,  (2) 

where  N  is  the  testing  function  based  on  the  regular  brick  element.  The  electric 
field  can  be  interpolated  using  the  same  regular  brick  element  as 

£(r,  f)  =  i  E  (0  +  y  E  ^  E  (3) 

i=l  i=l 

where  Nyi,  and  N^i  are  defined  in  Fig.  1  [2]. 

The  unconditionally  stable  backward  difference  has  been  used  for  the  finite 
differencing  of  (2)  in  time  [3],  which  gives: 

y (V  x  N)  •  (V  X  N)dv  +  ^ 

=  E"  y  N  ■  (V  X  iV  X  h)ds 

J  jV  •  Ndv  -  J  N  ■  iVdr]  ,  (4) 

where  represents  the  electric  field  at  the  time  step  n. 

In  order  to  calculate  the  electric  field  values  for  one  and  two  time  steps 
ahead  are  required.  In  addition,  the  boundary  values  at  the  present  time  step  which 
are  obtained  from  the  the  FDTD  computation  will  play  a  vital  role  to  communicate 
the  FDTD  field  and  the  FETD  field. 
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At  the  interface,  the  FDTD  region  and  the  FETD  region  share  one  layer. 
When  calculating  the  FETD  electric  field,  the  FETD  boundary  electric  field  up¬ 
dated  by  FDTD  will  make  the  Dirichlet  boundary  condition  for  the  FETD  electric 
field  calculation.  The  FDTD  boundary  electric  field  will  be  interpolated  from  the 
calculated  FETD  electric  field. 

Since  the  electric  field  inside  the  regular  brick  element  can  be  interpolated 
from  the  edge  elements  through  (3),  the  FDTD  cells  and  the  FETD  meshes  do  not 
have  to  be  matched  at  the  interface.  However,  this  work  makes  use  of  the  matched 
FDTD  cells  and  FETD  meshes  at  the  interface. 


III.  Numerical  results 


The  Hybrid  method  has  been  applied  to  the  waveguide  with  an  iris  as  shown 
in  Fig.  2.  The  iris  region  is  analyzed  by  FETD  so  that  the  iris  thickness  can  be 
considered  regardless  of  the  FDTD  Az  size,  while  both  outsides  of  the  iris  region 
are  characterized  by  FDTD.  For  simulation,  the  standard  WR90  waveguide  (0.9 
inches  x  0.4  inches)  was  chosen.  The  FETD  volume  corresponds  to  14  x  32  x  4 
computational  domain  of  FDTD. 

Fig.  3  depicts  the  normalized  inductive  iris  susceptance  versus  the  iris  width 
when  the  iris  thickness  is  zero.  The  normalized  iris  susceptance  can  be  calculated 


from  Su  using 


Go~  l  + 


(5) 


where  L  is  the  distance  from  the  iris  to  the  reference  plane  for  Su  [4].  The  calculated 
results  by  the  hybrid  method  show  very  good  agreement  with  the  Marcuvitz’s  curve 
[5],  the  method  of  moments  solutions  [5],  and  the  FDTD  data. 

When  the  iris  has  a  finite  thickness,  the  flexible  FETD  method  can  be  effec¬ 
tively  employed,  while  the  FDTD  Az  size  is  not  affected.  Fig.  4  shows  the  j5ii|  of 
the  waveguide  with  an  iris  of  different  thickness.  The  waveguide  of  an  iris  of  20  mil 
thickness  has  been  analyzed  while  the  Az  size  of  the  FDTD  domains  is  28  mil. 


rV.  Conclusion 


A  hybrid  analysis  using  the  FDTD  method  and  the  FETD  method  has  been 
developed  to  analyze  microwave  structures  of  locally  arbitrary  shape.  This  method 
has  been  successfully  applied  to  analyze  the  waveguide  with  an  iris  of  a  finite  thick¬ 
ness.  This  study  shows  that  this  hybrid  method  can  be  effectively  employed  to 
analyze  the  three  dimensional  locally  arbitrary  or  detailed  structures. 
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Figure  2;  The  waveguide  with  an  iris  of  finite  thickness. 


123 


15111  (dB) 


Figure  3:  Normalized  inductive  iris  susceptance  vs.  iris  width. 
(Waveguide  dimensions  :  a  =  0.9",  b  =  0.4”,  Freq.  =  9.375  GHz) 
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Figure  4;  |5ii|  of  the  waveguide  with  an  inductive  iris. 
(W'aveguide  dimensions  :  a  =  0.9”,  b  =  0.4”,  w/a  =  0.25) 
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Abstract 

A  simple  and  very  easily  Implemented  method  for  parallel  processing  with  a  Cartesian 
coordinate  system  based  Finite-Difference  Time-Domain  (FDTD)  algorithm  using  two  or 
more  networked  computers  is  discussed.  The  algorithm  consists  of  less  than  30  lines  of 
standard  FORTRAN  code  which  is  easily  inserted  into  an  existing  serial  FDTD  code  used  on 
computers  having  an  operating  system  which  allows  the  computers  to  access  a  common 
file.  The  method  is  useful  when  sophisticated  distributed  parallelization  software  is  either 
unavailable  or  when  the  time  and  cost  of  obtaining  and  using  such  software  is  undesirable. 

1.  Overview 

The  computational  problem  space  Is  subdivided  into  roughly  equal-sized  subdomains 
with  each  allocated  to  a  separate  computer  memory.  The  serial  FDTD  software  is  modified 
to  allow  for  the  proper  calculation  of  the  individual  subdomains  and  a  simple  algorithm  which 
allows  communication  between  the  computers  is  installed  into  the  software  located  on  each 
machine.  The  communication  algorithm  provides  for  the  controlled  exchange  of  the  neces¬ 
sary  E  and/or  H  field  values  at  the  boundary  of  adjacent  subdomains  via  hard  disk  data  files, 
whose  access  is  controlled  by  flag  files.  The  resulting  run  time  is  reduced  due  to  the  multi¬ 
ple  processors  and  is  equal  to  the  run  time  of  the  slowest  computer.  The  run  time  Includes 
overhead  incurred  by  the  exchange  of  boundary  data.  For  certain  volumes  of  several  million 
cells,  the  efficiency  of  the  method  is  greater  than  91%  when  used  on  computers  of  similar 
speed  and  with  subdomains  appropriately  sized  to  balance  the  load.  (The  efficiency 
referred  to  here  is  the  ratio  of  the  run  time  using  a  single  computer  with  the  run  time  of  the 
slowest  computer  using  multiple  computers.)  In  addition  to  reduced  run  times,  the  total 
memory  space  available  to  store  a  problem  volume  is  increased  to  the  sum  of  the  core 
memory  of  the  computers,  thus  allowing  computation  of  very  large  problems.  For  instance, 
calculations  requiring  up  to  about  2  GBytes  of  memory  can  be  easily  performed  using  four 
fully  loaded  SUN  SPARC  workstations. 

2.  Algorithm  Implementation 

The  following  explicit  update  equation  for  Ey, 


,r  +  Ar 


lx,  y,  2 


Ax, y, 2*^/2  ^x,y,2-Az/2  ^x  +  Ax/2.y.z  ^  x-Ax/2.y. 


,f  +  Ar/2 


r  +  Af/2 


,r  +  Ar/2 


Az 


Ajc 
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derived  from  Maxwell’s  curl  equation  for  the  total  E  field,  shows  that  only  the  previous  time 
Ey  value  and  the  nearest  neighbor  and  values  are  needed  in  the  calculation.  Further¬ 
more,  the  needed  H  components  specified  by  the  curl  equation  are  perpendicular  to  the  E 
component.  The  same  is  true  for  all  other  field  components.  This  property  allows  a  volume 
to  be  easily  divided  into  several  subvolumes  for  calculation  purposes. 

Two  methods  for  dividing  the  volume  are  depicted  in  Figs.  1  and  2  where  it  is  seen  that 
the  basic  computational  volume  Is  easily  divided  along  cell  boundaries.  For  these  methods, 
calculation  of  transverse  field  components  on  the  boundary  in  each  subvolume  requires 
transverse  field  components  from  both  subvolumes  while  the  field  components  normal  to  the 
boundary  are  calculated  with  component  information  present  within  their  respective  subvol¬ 
umes.  For  the  first  approach,  depicted  In  Fig.  1 ,  it  is  seen  that  the  first  subvolume  needs 
transverse  E  field  components  on  the  boundary  of  the  second  subvolume  for  calculation  of 
its  boundary  transverse  H  field  components  while  the  second  subvolume  needs  transverse 
H  fields  for  its  E  fields.  The  second  method  involves  a  1/2  cell  overlap  of  the  two  subvol¬ 
umes.  As  seen  in  Fig.  2,  the  transverse  E  data  at  the  boundary  is  exchanged  to  calculate 
the  boundary  transverse  H  fields  in  each  subvolume.  This  approach  Involves  a  redundant 
calculation  of  the  H  fields  on  the  boundary  but  allows  for  fewer  modifications  to  the  serial 
FDTD  code  resulting  in  a  faster  Implementation  as  well  as  some  speed  advantages  for  a  two 
subvolume  problem.  The  action  of  the  two  methods  with  respect  to  the  field  update  algo¬ 
rithms  In  the  software  is  illustrated  in  Figure  3.  With  the  first  method,  transfer  of  field  data 
takes  place  after  both  E  and  H  field  updates.  This  requires  transfer  of  data  at  four  separate 
intervals.  However,  in  the  second  method,  data  transfer  happens  only  after  the  E  field 
updates.  This  allows  for  the  possibility  of  some  data  transfer  in  parallel  if  transferred  data  is 
written  to  the  local  hard  disk  and  read  across  the  network. 

Modifications  to  the  serial  FDTD  code  for  use  on  multiple  machines  depends  on  the  type 
of  absorbing  boundary  condition  (ABC)  utilized  and  choice  of  the  volume  subdividing 
method.  A  boundary  condition  algorithm  such  as  the  Liao  ABC  uses  E  field  information  inte¬ 
rior  to  the  face  for  transverse  E  field  components  on  the  boundary.  Thus,  in  order  to  apply 
the  first  method  discussed  above,  adjustment  of  the  Liao  ABC  loop  parameters  and  nullifica¬ 
tion  of  the  BCs  on  adjacent  faces  is  necessary.  In  addition,  adjustment  of  field,  material  ID, 
and  Liao  ABC  array  dimensions  is  required  for  storage  of  transferred  boundary  data.  If  the 
second  method  is  used  with  the  Liao  ABC,  no  modification  of  the  boundary  condition  is 
needed  since  adjacent  face  E  field  data  is  ovenwritten  if  the  data  exchange  is  performed 
after  the  boundary  values  are  calculated.  However,  for  increased  efficiency,  nullification  of 
the  BCs  on  adjacent  faces  and  adjustment  of  the  Liao  loop  parameters  is  easily  accom¬ 
plished.  In  addition,  no  adjustment  of  the  field  and  material  ID  array  dimensions  is  required 
since  storage  is  already  present  due  to  the  cell  overlap. 

The  data  exchange  between  subvolumes  is  performed  via  data  files  with  access  con¬ 
trolled  by  flag  files  to  insure  that  information  is  sent  or  received  only  when  necessary.  Data 
and  flag  files  reside  on  the  hard  disk  of  each  computer.  It  was  discovered  that  the  i/o  time  is 
substantially  reduced  if  each  computer  writes  field  data  needed  by  the  other  computers  to  its 
own  hard  disk  and  reads  needed  data  across  the  network  from  the  other  computers  hard 
disks.  Fig.  4  has  a  general  logic  flow  chart  for  both  received  and  transmitted  data  illustrating 
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the  simplicity  of  the  data  exchange  algorithm.  A  self-adapting  delay  is  used  to  reduce  net¬ 
work  traffic  and  improve  computational  efficiency. 

3.  Numerical  Results 

Code  runs  for  several  differing  volumes  were  performed  to  check  the  utility  and 
efficiency  of  the  technique.  The  computations  were  done  utilizing  four  networked  SUN 
workstations  on  volumes  ranging  from  140,000  cells  to  12,635,000  cells.  Each  volume  was 
computed  on  a  single  workstation  and  then  sub-divided  along  ite  length  and  computed  on  all 
four  workstation  for  comparison.  Minor  variations  In  computational  speed  between  the 
computers  exist  due  to  differences  in  the  respective  hardware  configurations.  Also,  the  two 
outer  subvolumes  have  more  boundary  value  calculations  than  the  inner  subvolumes. 
Therefore,  minor  adjustments  were  made  to  the  relative  size  of  each  volume  in  order  to 
balance  the  load  across  the  computers.  Since  dynamic  load  balancing  was  not 
incorporated,  small  variations  in  individual  machine  run  times  occurred  and  a  small 
computational  overhead  resulted  due  to  the  slightly  unbalanced  volume  distribution.  It  is 
important  to  note  that  static  load  balancing  is  not  time  consuming  unless  one  is  determined 
to  obtain  the  last  few  percent  of  efficiency.  The  efficiency  of  the  process  was  calculated  as 
1/4  the  run  time  on  the  single  machine  divided  by  the  run  time  of  the  slowest  of  the  four 
machines.  The  problem  specification,  computation  time,  and  efficiency  of  four  different 
sized  volumes  are  listed  in  Table  1 ,  The  efficiency  for  the  small  140,000  cell  problem  is  only 
38%.  However,  the  efficiency  quickly  grows  for  volume  sizes  more  representative  of 
practical  problems  and  is  better  than  91%  for  the  12,636,000  cell  calculation.  The  favorable 
trend  is  due  in  part  to  the  fact  that  the  hard  disk  access  and  write  times  are  not  significant 
compared  to  volume  computation  for  large  volumes. 

4.  Conclusion 

The  utility  of  this  distributed  parallelization  approach  rests  in  its  simplicity,  high 
efficiency,  and  ease  of  implementation.  Data  transfer  across  the  network  between  computer 
main  memories  rather  than  through  the  hard  disks  requires  much  less  time  and  is  done  with 
a  variety  of  sophisticated  software.  But  costs  and  time  associated  with  obtaining,  Installing, 
integrating,  and  debugging  such  software  are  often  considerable.  The  algorithm  presented 
above,  together  with  the  second  method  of  dividing  Into  subvolumes  was  Installed  into  an 
existing  serial  FDTD  code  and  validated  In  one  day.  Since  this  hard  disk  method  is  better 
than  91%  efficient  for  large  problems  and  is  easily  installed  and  used.  It  may  be  more 
desirable  (at  least  initially)  than  other  more  sophisticated  parallelization  software  for  the 
scientist  or  engineer  with  limited  time  and  resources.  It  turned  out  to  be  a  great  benefit  to 
our  group. 


subvol  1  subvol  2 


Figure  1 .  A  computational  volume  is  divided  along  a  cell  boundary.  Hx  and  Hy  on  the 

boundary  of  subvolume  1  are  used  for  calculation  of  Ex  and  Ey  on  the  boundary  of 
subvolume  2  while  Ex  and  Ey  in  subvolume  2  are  used  for  calculation  of  Hx  and  Hy 
in  subvolume  1 . 


subvol  1  subvol  2 


Figure  2.  A  computational  volume  is  divided  in  a  manner  that  allows  a  1/2  cell  overlap. 

Nearest  transverse  Ex  and  Ey  components  are  used  in  adjacent  subvolumes  for 
calculation  of  boundary  Hx  and  Hy  components.  The  Hx  and  Hy  fields  on  the 
boundary  are  therefore  common  to  both  subvolumes. 
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open  input  data  flag  file 
Read  flag 
Close  flaa  file 


Open  output  data  flag  file 
Read  flag 
Close  flaq  file 


Figure  4.  Logic  flow  charts  for  the  data  exchange  algorithm  at  one  interface.  The  flag  files 
allow  controlled  access  to  the  data  files.  An  adaptable  delay  minimizes  bus 
activity  in  between  data  transfer  and  Increases  overall  efficiency. 
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Figure  3.  Illustration  of  the  each  method  for  a  two  subvolume  computation.  The  first 

method  involves  transfer  of  boundary  data  at  the  end  of  E  field  updates  in  volume 
1  and  at  the  end  of  H  updates  in  volume  2.  The  second  method  involves  transfer 
of  boundary  data  at  the  end  of  E  field  updates  In  both  subvolumes. 


Problem 
Size  (cells) 

Computational  time  (sec) 

Eff(%) 

#1  only 

#1 

#2 

#3 

#4 

20x20x350 

140.000 

95 

63 

63 

63 

63 

38 

40x40x350 

560,000 

391 

124 

124 

123 

123 

79 

110x110x350 

4,235,000 

2997 

839 

840 

840 

840 

89 

190x190x350 

12,635,000 

8945 

2443 

2445 

2447 

2447 

91 

Table  1 .  Results  from  several  problem  sizes  run  on  four  computers.  The  efficiency  is 

determined  as  1  /4  the  time  of  the  single  machine  run  divided  by  the  time  of  the 
slowest  of  the  four  computers. 
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Computation  of  Transient  Electromagnetic  Wavefields  in 
Inhomogeneous  Media  Using  a  Modified  Lanczos  Algorithm 

R.F.  Remis  and  P.M.  van  den  Berg 

Laboratory  of  Electromagnetic  Research,  Faculty  of  Electrical  Engineering. 

Centre  for  Technical  Geoscience,  Delft  University  of  Technology, 

P.O.  Box  5031,  2600  GA  Delft,  The  Netherlands 


1.  Introduction 

The  Finite-Difference  Time-Domain  method  (FDTD  method)  is  one  of  the  methoc^  commonly 
used  to  compute  transient  electromagnetic  wavefields  in  inhomogeneous  media.  The  method 
employs  finite-differences  for  the  derivatives  with  respect  to  the  space  and  time  variables  that 
occur  in  Maxwell’s  equations.  It  is  well  known  that,  in  order  to  get  a  stable  result,  the  tirne-step 
in  this  method  is  limited  by  the  Courant-Friedrichs-Levy  stability  condition.  In  case  one  is  dealing 
with  diffusive  electromagnetic  fields  (neglecting  the  displacement  currents)  the  stability  condition 
in  explicit  time-stepping  methods  puts  an  even  stricter  limitation  on  the  time-step  compared  to 
the  wavefield  case. 

Recently,  Druskin  and  Knizhnerman  [1]  have  proposed  a  much  more  efficient  approach  to 
solving  Maxwell’s  equations  in  the  diffusive  regime.  Their  method,  called  the  Spectral  Lanczos 
Decomposition  Method  (SLDM),  is  based  on  a  second-order  differential  equation  for  either  the 
electric  field  strength  or  the  magnetic  field  strength  and  utilizes  a  Lanczos  algorithm  via  which 
one  can  compute  the  transient  diffusive  field  without  having  to  discretize  the  time  variable,  i.e. 
their  method  is  not  an  explicit  time-stepping  method. 

We  present  a  non-explicit  time-stepping  method  for  computing  transient  electromagneUc  wave- 
fields  in  inhomogeneous  media  based  on  Maxwell’s  equations  as  a  system  of  first-order  difi^erential 
equations.  Our  method  utilizes  a  modified  Lanczos  algorithm  and  via  this  algorithm  a  so-called 
reduced  model  can  be  constructed  that  gives  an  accurate  representation  of  the  electroma^etic 
wavefield  on  a  certain  bounded  interval  in  time.  Constructing  a  reduced  model  via  the  modified 
Lanczos  algorithm  makes  the  discretization  of  the  time-variable  superfluous. 

2.  Basic  Equations 

Maxwell’s  equations  governing  the  electromagnetic  field  in  a  domain  in  which  an  inhomogeneous, 
anisotropic  and  lossy  medium  is  present  are  written  in  the  form 

{V  +  Mi  +  M2dt)T  =  Q',  (1) 

where  is  a  symmetric  spatial  differential  operator  matrix  given  by 

/  0  0  0  0  ^3  -^2  \ 

0  0  0  -as  0 

0  0  0  as  -ai  0  ,2) 

^  “  0  -as  as  0  0  0 

as  0  -ai  0  0  0 

V  -as  ai  0  0  0  0  y 
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and  the  time-independent  matrices  M\  and  M2  are  medium  matrices  given  by 
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(4) 


Using  energy  considerations  it  can  be  shown  that  both  medium  matrices  are  symmetric  and 
that  matrix  M\  is  positive  semidefinite,  while  matrix  M2  is  positive  definite.  The  field  vector 
^  =  !F[x.t)  consists  of  the  components  of  the  electric  field  strength  E  and  the  magnetic  field 
strength  H  and  is  given  by 

(5) 

while  the  source  vector  Q!  =  Q{x,  t)  is  composed  of  the  components  of  the  external  electric- 
current  source  and  the  external  magnetic-current  source  as 


■eiT 


(6) 


Further,  the  signature  matrix  5  is  introduced  as 

^-  =  diag(l,l,  1,-1, -1.-1)  (7) 

and  we  observe  that  this  signature  matrix  anti-commutes  with  matrix  V,  i.e. 

VS-  =  -S-V  (8) 


and  that  it  commutes  with  the  medium  matrices  Mi  and  M2~,  i-e. 

MiS-  =  S-Mi  (9) 

and 

M2S-  =  5- M2-  (19) 

Now,  consider  source  vectors  of  the  form  Q'(a;,  f)  =  w{t)  Q{x),  where  w{t)  is  the  source  wavelet 
that  vanishes  for  t  <  0  and  Q  is  a  time-independent  vector.  Then,  because  of  causality,  the  field 
vector  T  must  vanish  everywhere  for  i  <  0.  Applying  a  one-sided  Laplace  tranformation  to  Eq.  (1) 
with  respect  to  time  results  in  the  equation 

[V^-Mi  + sM2)^{x,s)-w{s)Q{x),  (11) 

with  Re(s)>  0.  In  our  further  analysis  we  take  s  real  and  positive.  Then,  Lerch’s  theorem  (see 
Widder  [2])  ensures  that  there  is  a  one-to-one  correspondence  between  a  causal  time  function 
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and  its  Laplace-transform-domain  counterpart,  provided  that  the  time  function  is  continuous  and 
is,  at  most,  of  exponential  growth  as  t  — >  oc  and  that  equality  in  the  definition  of  the  Laplace 
transform  is  invoked  at  the  real  set  of  points  (s^  =  SQ  +  nh;  n  =  0, 1, 2,  •  •  •},  where  5o  is  sufficiently 
large  and  positive  and  h  is  positive. 

As  a  next  step,  we  discretize  in  space  using  standard  spatial  finite-differences  (cf.  Yee  [3])  with 
a  Dirichlet  boundary  condition.  The  use  of  more  sophisticated  boundary  conditions  is  not  studied 
in  this  paper.  In  practice,  the  boundary  of  the  computational  domain  is  taken  such  that  reflections 
that  occur  due  to  the  Dirichlet  boundary  condition,  are  not  observed  in  the  observation  points  on 
the  time-interval  of  interest.  The  discrete  counterparts  of  V,  Mi,  M2,  T  and  Q  are  denoted  by 
D,  Ml,  M2,  F  and  Q,  respectively,  while  the  discrete  counterpart  of  matrix  6~  is  denoted  by  the 
same  symbol.  The  matrices  obtained  after  discretization  satisfy  the  following  equations 


D6-  =  -S-D, 

(12) 

Mi5-  =  6- Ml, 

(13) 

M2S~  =  S~  M2, 

(14) 

(jD  +  Ml  -f-  sM2)F[s)  =  w[s)Q, 

(15) 

with  s  €  All  the  matrices  occuring  in  Eq.  (15)  are  square  N  x  iV  matrices.  Matrix  D  is 
real  and  anti-symmetric,  matrix  Mi  is  real,  symmetric  and  positive  semidefinite  and  matrix  M2 
is  real,  symmetric  and  positive  definite. 

Solving  F{s)  from  Eq.  (15),  we  end  up  with 

F{s)  =  w{s]M^\A  H-  sE)-^Q 

with  s  €  .  In  this  equation,  E  is  the  identity  matrix  and  matrix  A  is  defined  as 

A  =  {D-^Mi)M^\  (17) 

Via  inspection  and  by  Lerch’s  theorem  the  unique  and  causal  time-domain  counterpart  of  F{s)  is 
obtained  as  ,  ^  ^ 

F{t)  -  w[i)  *  exp(-Af)Q,  (18) 

where  x(^)  denotes  the  Heaviside  unit  step  function  and  *  denotes  convolution  in  time. 

3.  A  Modified  Lanczos  Algorithm 

First  of  all,  let  us  define  the  bilinear  form 

=  (19) 

where  (•,•)  denotes  the  standard  inner  product  of  two  real  vectors  of  the  appropriate  size.  It  is 
easily  seen  that  matrix  A  is  sjunmetric  with  respect  to  this  bilinear  form.  This  enables  us  to  carry 
out  the  following  Lanczos  algorithm 

/?iui  =  Q 

Wi  =  Avi  - 
ai  =  {vi,Wi)i, 

Pi+iVi+i  =  Wi-  aiVi 


(16) 
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Figure  1.  A  picture  of  Eq.  (21)  for  m  <§:  A. 

with  t/’o  =  0.  In  each  step,  Pi  is  determined  from  the  condition  that  {vi,Vi)b  =  1  for  i  >  1.  After 
m  steps  of  this  algorithm  we  have  the  summarizing  equation 

where  the  AT  x  m  matrix  Vm  has  the  column  partitioning  Vm  -  '^2,  •  • ; ,  ^  is  a  complex 

symmetric  tridiagonal  m  x  m  matrix  given  b}'  Tm  =  tridiag(y3j,  a,,  A+i)  and  is  the  m-th  column 
of  the  m  X  m  identity  matrix  We  are  interested  in  situations  where  m  is  much  smaller  than 
N,  the  order  of  matrix  A  (see  Figure  1). 


4.  The  Reduced-model  Approximation 

After  carrying  out  m  steps  of  the  modified  Lanczos  algorithm,  one  can  prove  the  following  result 


A’Q  =  0iV„Tiei,  j  =  0,1.2,---,m-l-  (22) 

The  proof  is  by  induction  over  j  and  uses  Eq.  (21).  Now,  consider  the  vector  {A  +  sE)-'Q  with 

5  >  So  and  So  defined  by  . 

So  =  maxdlAll,  \\Tm\\}, 

where  |i  •  j|  denotes  the  matrix  2-norm.  Using  the  result  of  Eq.  (22)  we  can  write  this  vector  as 


(.4  +  sB^Q  =  E  ^  (--A)‘Q, 

O 


(24) 


with  s  >  So-  Equation  (24)  is  rewTitten  as 

{A  +  SE)~^Q  =  P\Vm{Tm  +  Rmis), 

with  s  >  So  and  where  km[s)  is  given  by 


(25) 


k(s)  =  +  sE„)  ‘e,. 


(26) 


Again,  via  inspection  and  relying  on  Lerch’s  theorem,  the  time-domain  counterpart  of  Eq.  (25)  is 

obtained  as  .  „  ^ 

X{t]  exp{-At)Q  =  x(*)A^m  exp(~rn,t)ei  +  Rm(t),  (27) 

where  the  vector  Rmit)  is  given  by 


=  X(*){^/l-p[-A(t-r))r»-d.Q 


(28) 
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(29) 


Substitution  of  Eq.  (27)  into  Eq.  (18)  gives 

F{t)  ~  +'u;(t)  +  M2 

where  we  have  defined  the  reduced  model  as 

Fm{t)  =  w{t)  *  x{t)l3iM2^Vmexp{-Tmt)ei. 


(30) 


ic) 

time  [ns]  — > 

Figure  2.  Electric  field  strength  as  measured  by  the  receiver.  Solid  line  is  the  exact  result.  Dashed  line 
is  the  reduced-model  approximation  after  100  Lanczos  steps  (a),  after  200  Lanczos  steps  (b)  and  after 
300  Lanczos  steps  (c). 
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This  reduced  model  is  now  taken  as  an  approximation  to  the  vector  F{t)  on  a  certain  bounded 
interval  (O.tmax]-  It  can  be  shown  that  [|i^(t)[|  becomes  negligible  for  all  t  e  (O.tmax]  as  soon  as 
771  >  fmaxe^o,  where  So  is  defined  in  Eq.  (23). 

5.  Numerical  Examples 

The  reduced-model  technique  has  been  implemented  for  two-dimensional  E-  or  if-polarized  waves 
in  inhomogeneous,  isotropic  and  lossy  media.  The  configuration  is  invariant  in  the  2:2-direction 
and  the  xa-direction  is  chosen  downwardly.  The  source  wavelet  is  taken  to  be  a  Ricker  wavelet 
and  is  given  by 

y^it)  =  -  «„f].  (31) 

where  C  is  a  normalization  constant.  The  parameter  to  allows  us  to  shift  the  non-zero  part  of 
the  wavelet  and  by  varying  the  parameter  0  we  can  vary  the  peak  frequency  of  this  wavelet.  The 
parameter  6  is  chosen  such  that  this  peak  frequency  is  40  MHz.  The  spatial  discretization  is  such 
that  we  have  about  34  points/A,  where  A  is  the  free-space  wavelength  corresponding  to  the  peak 
frequency  of  40  MHz. 

As  a  first  example,  we  consider  E-polarized  waves  (electric  field  strength  parallel  to  the  in¬ 
variance  direction)  generated  by  the  external  electric-current  source  J^{xi,X3,t)  =  w{t)S{xi,X3). 
For  this  particular  example,  the  electric  field  strength  E2  is  known  in  closed  form  as 

r  0,  t<T, 

E2{x,,X3j)  =  l  ^0  dMt-r)  (32) 

i  ~27:Lt  ■ 

where  T  =  {xl  +  xIY^'^/cq  is  the  arrival  time  for  the  wave  to  travel  from  the  source  location  to 
the  observation  point,  Cq  is  the  electromagnetic  wave  speed  in  vacuum  and  ^0  is  the  permeability 
of  vacuum.  In  our  finite-difference  approximation,  the  delta  function  is  approximated  by  a  two- 
dimensional  triangular  distribution  and  the  expression  for  the  electric  field  strength  as  given  by 
Eq.  (32)  is  therefore  weighted  over  this  distribution. 

For  an  observation  point  located  4,84  m  from  the  source,  we  then  obtain  the  result  as  given  by 
the  solid  line  in  Figure  2.  The  dashed  line  is  the  reduced-model  approximation  after  100  Lanczos 
steps  (Figure  2a),  after  200  Lanczos  steps  (Figure  2b)  and  after  300  Lanczos  steps  (Figure  2c). 
We  observe  that  increasing  the  number  of  Lanczos  steps  extends  the  interval  in  which  the  solution 
is  correct. 

As  a  second  example,  we  consider  the  two-dimensional  configuration  of  Figure  3  in  which 
E-polarized  waves  are  excited  by  the  same  source  as  in  the  previous  example. 

=  1 
(T  =  0 

source  receiver 

- K - ^ - 


ffr  =  20  U 
a  =  0.003  S/m 


£,  =  5 

a  =  0.003  S/m 


Figure  3.  Source  and  receiver  located  4.84  m  apart  at  the  interface  of  a  lossy  halfspace.  The  buried 
object  of  0.88  m  x  1.98  m  is  located  1.98  m  below  the  interface. 
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(c) 


time  [ns]  — *• 


Figure  4.  Electric  field  strength  as  measured  by  the  receiver.  Solid  line  is  the  reduced-model  approxima¬ 
tion  after  650  Lanczos  steps.  Dashed  line  is  the  reduced-model  approximation  after  200  Lanczos  steps 
(a),  after  400  Lanczos  step  (6)  and  after  600  Lanczos  steps  (c). 


Figure  4  shows  the  electric  field  strength  as  measured  by  the  receiver.  The  solid  line  in  Fi^re  4 
is  the  reduced-model  approximation  after  650  Lanczos  steps.  The  dashed  line  in  Figure  4a  is  the 
reduced-model  approximation  after  200  Lanczos  steps  (note  the  scale),  in  Figure  4b  after  400 
Lanczos  steps  and  in  Figure  4c  after  600  Lanczos  steps.  Again,  we  observe  that  increasing  the 
number  of  Lanczos  steps,  extends  the  length  of  the  interval  in  which  the  solution  is  correct. 
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We  have  also  compared  the  reduced-model  approximation  after  650  Lanczos  steps  with  the 
result  obtained  via  the  FDTD  method  using  the  same  spatial  discretization  as  m  the  reduced- 
model  technique  on  the  time  interval  of  Figure  4.  The  results  show  a  good  overall  agreement  it 
the  time-step  in  the  FDTD  method  is  chosen  sufficiently  small.  In  fact,  our  numencal  experiments 
show  that  by  decreasing  the  time-step  in  the  FDTD  method,  the  FDTD  result  converges  to  the 
reduced-model  approximation. 

6.  Conclusions 

A.  new  method  for  computing  transient  electromagnetic  wavefields  in  inhomogeneous  media  is 
presented.  The  method  is  based  on  a  modified  Lanczos  algorithm  and  via  this  algorithm  so- 
called  reduced  models  can  be  constructed.  A  reduced  model  gives  an  accurate  representation  or 
the  electromagnetic  wavefield  on  a  certain  bounded  interval  in  time.  The  length  of  this  interval 
can  be  extended  by  performing  more  steps  of  the  Lanczos  algorithm.  The  numerical  results 
indicate  that  the  present  method  leads  to  a  powerful  technique  for  the  computation  of  time- 
domain  electromagnetic  wavefields  without  discretization  of  the  time  variable. 

The  method  can  also  be  applied  to  the  case  of  diffusive  electromagnetic  fields  (neglecting 
the  displacement  currents).  The  stability  condition  in  an  explicit  time-stepping  method  puts  an 
even  sticter  limitation  on  the  time-step  than  the  one  for  wave  propagation  probl^s.  As  lar  as 
computation  time  is  concerned,  our  present  approach  will  lead  to  a  superior  technique  for  the 
computation  of  diffusive  fields. 

The  Lanczos  algorithm  is  a  Krylov  subspace  iterative  method.  The  convergence  of  such  sub¬ 
space  methods  can  be  accelerated  by  using  suitable  preconditioning  techniques.  For  our  type  o 
problem,  we  can  use  techniques  similar  to  the  ones  presented  by  Druskin  and  Knizhnerman  [4j. 
These  techniques  are  based  on  Fade  approximations  to  the  matrix  exponential.  Although  the 
reduced-model  technique  is  a  reasonable  efficient  method  in  itself,  it  is  to  be  expected  that  these 
preconditioning  techniques  will  considerably  speed  up  the  convergence  of  the  method. 
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Abstract _ S— parameters  of  microwave  resonator  filters  are  computed  using  two  types  of  finite  element  analysis. 

The  first  method  is  the  conventional  direct  firequenty  method,  in  which  the  number  of  unknowns  is  equal  to  the  num¬ 
ber  of  edge  degrees  of  freedom.  The  second  method  is  the  new  modal  fluency  method,  which  first  computes  the 
3D  modes  and  then  uses  them  as  basis  functions,  thereby  greatly  reducing  the  number  of  degrees  of  freedom.  The 
two  methods  are  applied  to  the  ACES/TEAM19  filter  and  a  variation  of  the  Microwave  Engineering  Europe  bench¬ 
mark  filter.  For  a  large  number  of  analyzed  firequencies,  the  modal  method  is  shown  to  obtain  good  results  with 
speedup  factors  ranging  up  to  23. 

INTRODUCTION 

Microwave  resonators  often  are  used  to  make  filters.  If  the  coupling  coefficients  are  small  and  the  Q  is  high,  then 
narrow  passbands  or  stopbands  may  require  analysis  at  a  large  number  of  frequencies.  In  conventional  direct  fre¬ 
quency  finite  element  analysis  (FEA)  [I],  total  solution  time  is  directly  proportional  to  the  number  of  frequencies 
analyzed.  To  reduce  computer  time,  asymptotic  waveform  analysis  (AWE)  has  recently  been  successfully  combined 
with  FEA  [2],  but  AWE  may  have  limitations  when  there  are  many  resonances. 

In  a  new  technique  called  modal  frequency  FEA  [3],  a  3D  eigenvalue  analysis  is  first  performed  to  reliably  find 
all  resonances  of  low  loss  devices.  The  resulting  eigenvectors  are  used  as  basis  functions  for  solutions  over  a  range 
of  frequencies,  thereby  possibly  saving  computer  time  if  S- parameters  are  needed  for  a  large  number  of  frequencies. 

A 1997  paper  [3]  describes  the  theory  of  modal  frequency  FEA  and  applies  it  to  computing  S-parameters  of  two 
filters.  One  filter  is  a  cutoff- coupled  rectangular  dielectric  resonator  filter,  and  the  other  is  a  coax-fed  rectangular 
box  containing  cylindrical  dielectric  resonators.  Modal  frequency  results  obtained  are  similar  to  those  of  direct  fre¬ 
quency,  and  speedup  factors  obtained  range  from  1.4  to  4. 

After  a  brief  review  of  theory,  this  paper  compares  modal  frequency  FEA  with  direct  frequency  FEA  for  analyzing 
two  new  resonator  filters.  The  first  new  example  is  the  one-port  ACES/TEAM  Workshop  problem  19  [4].  The  next 
example  is  a  variation  of  a  benchmark  problem  from  the  magazine  Microwave  Engineering  Europe  and  is  a  two— port 
cylindrical  six-cavity  filter  with  iris  coupling  to  rectangular  waveguides. 

BRIEF  THEORY  OF  MODAL  FREQUENCY  FEA 

Direct  frequency  FEA  consists  of  solving  the  matrix  equation  [1],  (5]  with  angular  frequency  m: 

[  -  co“[M]  +  MC]  +  [K]  ]{u}  =  {P}  (1) 

where  [M]  is  the  permittance  matrix  (proportional  to  permittivity),  [C]  is  the  conductance  matrix  (proportional  to 
conductivity),  and  [K]  is  the  reluctance  matrix  (inversely  proportional  to  perme^ility).  For  the  edge  finite  ekments 
used  here,  the  unknown  vector  {u}  consists  of  edge  magnetic  vector  potentials  A.  Electric  field  is  then  — jcoA.  IP} 
is  the  excitation  vector,  which  for  S-parameter  computations  is  located  at  the  ports.  The  {u}  vector  has  as  many 
degrees  of  freedom  as  there  are  finite  element  edge  unknowns,  which  usually  number  in  the  tens  of  thousands.  Note 
that  the  left  hand  matrix  changes  with  frequency  and  thus  solution  time  is  proportional  to  the  nmnber  of  frequencies 
analyzed. 
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Instead  of  solving  (1)  directly,  we  can  first  solve  for  the  3D  eigenvalues  and  eigenvectors,  denoted  by  {(});}.  Then 
^  modal  frequency  solution  is  assumed  to  be  a  linear  combination  of  the  eigenvectors,  expressed  as  [3]: 

{u}  =  mmy  (2) 

where  the  matrix  [(})]  is  made  up  of  m  columns  of  individual  orthogonal  eigenvectors  {tfii},  and  the  vector  {q}  contains 
all  of  the  coefficients.  If  there  are  n  direct  degrees  of  freedom  in  a  problem  (the  length  of  the  column  vector  {u}), 
then  [(})]  is  an  (n  x  m)  matrix.  This  transformation  can  be  highly  accurate  when  all  n  eigenvectors  of  the  system  are 
used.  In  many  cases  only  a  small  approximation  is  introduced  if  a  limited  nmnber  of  eigenvectors  in  a  specified  fre¬ 
quency  range  is  used. 

The  frequency  range  of  the  eigensolution  should  include  all  modes  that  are  expected  to  be  excited.  All  of  the  real 
modes  over  any  finite  frequency  range  are  rigorously  computed  in  Ansoft’s  Micro  WaveLab”^  [3]  using  a  Sturm  se¬ 
quenced  Lanczos  algorithm.  Then  the  final  solution  is  obtained  by  substituting  (2)  into  (1): 


-  <»nMl[<|>Hq}  +  i<»[C][4.Hq}  +  [K]M{q}  =  {P}  (3) 

Premultiplying  both  sides  by  results  in; 

-  ‘»=['W’(MlW]{q}  +  ic»[<(>nc][(t.i{q}  +  [4>]’[iq[«{q}  =  [<M^{P}  w 

which  can  be  rewritten  as  the  modal  frequency  equation  [3]: 

(  -  c)2[m]  -I-  ja)[c]  +  [k]  ){q}  =  {p}  (5) 

where  the  three  new  modal  matrices  are: 

[m]  =  [<})I^[M][<t)]  ,  [c]  =  [4)1^[C][<})]  ,  [k]  =  [(J)]^[K][<})]  (6) 


Note  that  the  modal  fi'equency  equation  (5)  has  only  as  many  unknowns  as  the  selected  number  of  modes.  This 
reduction  in  the  number  of  unknowns  can  often  lead  to  a  substantial  computational  speedup  compared  with  direct 
frequency  FEA. 

Because  real  modes  are  assumed  in  MicroWaveLab,  the  modal  frequency  method  is  applicable  only  to  low  loss 
problems.  While  material  losses  can  be  analyzed,  wall  losses  can  only  be  analyzed  indirectly  using  equivalent  lossy 
air  or  other  filler  material.  Other  important  limitations  and  assumptions  are  detailed  in  [3].  Recently,  Professor  Jin- 
Fa  Lee  has  formulated  a  rigorous  method  that  avoids  the  approximate  port  boundary  conditions  assumed  by  us. 

ACES/T^AM  PROBLEM  19 

The  first  example  analyzed  here  is  the  ACES/TEAM  Workshop  problem  19  [4],  Fig.  1  shows  the  geometry  and 
finite  element  mesh  developed  for  one -quarter  of  the  problem,  which  is  a  cylindrical  cavity  coupled  through  an  iris 
to  a  feed  waveguide.  Measurements  are  available  [4]  for  |  Sn  I  versus  frequency.  Here  |  Sn  |  is  computed  both  by 
direct  frequency  FEA  and  modal  frequency  FEA  using  the  software  MicroWaveLab  from  Ansoft. 

The  cases  analyzed  here  are  for  a  15  mm  iris  width  with  or  without  a  concentric  9  mm  diameter  dielectric  rod  in 
the  cavity.  MicroWaveLab  direct  frequency  results  from  2.4  to  2.6  GHz  have  been  presented  elsewhere  [6],  using 
lossy  3D  air  finite  elements  instead  of  lossy  2D  wall  finite  elements.  There  are  680  hexahedral  and  pent^edral 
HI -curl  edge  elements  in  the  model  of  Fig.  1. 

The  modal  frequency  method  applied  to  the  empty  cavity  computed  four  modes  up  to  the  selected  top  frequency 
of  4  GHz.  One  of  the  modes,  at  2.5315  GHz,  is  the  cavity  mode.  The  other  three  computed  mcdes,  at  1.9158, 2.3696, 
and  2.9846  GHz,  are  standing  modes  in  the  waveguide  feed.  These  frequencies  depend  on  the  length  of  the  wave¬ 
guide  section. 
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Fig  1,  Geometry,  finite  element  model,  and  electric  field  computed  at  25315  GHz  for  the  empty  cavity  case 

ofACES/rEAMl9. 

Fig.  2  compares  the  |  Sn  |  for  the  empty  cavity  case  over  the  frequency  range  of  interest  (2.5  to  2.6  GHz)  coniputed 
by  MicroWaveLab’s  direct  frequency  and  modal  frequency  techniques.  Note  that  the  two  results  are  very  similar. 
However,  modal  frequency  FEA  for  41  frequencies  takes  only  0.25  minutes  per  frequency,  compared  with  5  mmutes 
per  frequency  for  the  standard  direct  frequency  FEA.  This  speedup  factor  of  20  is  further  increased  if  more  frequen¬ 
cies  are  analyzed. 


Fig.  2.  Comparison  of  direct  frequency  and  modal  frequency  reflection  coefficients  for  the  empty  ACES/ 

TEAM19  filter  with  lossy  air. 
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Fig.  3  compares  the  results  of  the  two  methods  when  the  cavity  contains  a  dielectric  rod  made  of  plexiglass.  The 
assumed  plexiglass  relative  permittivity  is  2.7  — jO.Ol.  Note  again  that  the  modal  frequency  |Sii  |  plot  agrees  well 
with  that  computed  by  the  standard  direct  frequency  method. 


Fig.  3.  Comparison  of  direct  frequency  and  modal  frequency  reflection  coefficients  for  the  ACES/TEAM19 

filter  with  a  lossy  plexiglass  rod. 

The  final  case  analyzed  was  for  the  dielectric  rod  made  of  PVC,  which  has  an  assumed  relative  permittivity  of  4.0 
-j0.05.  Table  1  lists  its  resonant  frequency  along  with  those  of  the  other  cases.  The  table  shows  that  while  the  other 
two  cases  agree  well  with  measurements,  the  PVC  case  does  not.  Computations  by  others  [7],  [8]  agree  closely  with 
ours.  Thus  the  assumed  PVC  material  properties  evidently  are  incorrect.  The  overall  conclusion  from  Table  1  is  that 
the  modal  frequency  method  of  MicroWaveLab  gives  good  results  for  the  ACES/TEAM19  problem. 

Table  1. 


Resonant  fr^uency  (GHz)  of  ACES/TEAMIP  cavity  for  an  iris  width  of  ISmm  and  rod  diameter  of  9  mm. 


METHOD 

Empty  cavity 

Plexiglass  rod 

PVC  rod 

Experiment 

2.5446 

2.4645 

2.4494 

Real  modes  FEA 

2.5315 

2.4621 

2.4146 

Direct  frequency  FEA 

2.545 

2.470 

- 

Modal  frequency  FEA 

2.545 

2.469 

2.411 

Computed  by  others  [7] 

2.5448 

2.4650 

2.4003 

Computed  by  others  [8] 

2.545 

2.4647 

2.4020 
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VARIANT  OF  MICROWAVE  ENGINEERING  EUROPE  FILTER 

The  final  example  analyzed  in  this  paper  is  a  variation  of  the  dual  mode  10—12  GHz  filter  benchmark  problem 
from  the  magazine  Microwave  Engineering  Europe  [9].  Fig.  4  shows  the  geometry  of  its  six  cylindrical  cavities  fed  by 
two  rectangular  waveguide  ports.  The  filter  is  assumed  lossless. 


Fig.  4.  Exterior  geometry  of  two-port  six-cavity  filter  from  Microwave  Engineering  Europe  magazine. 

The  interior  of  the  filter  of  Fig.  4  is  assumed  here  to  be  as  shown  in  Fig.  5.  Note  that  the  cavity  apertures  are  large 
and  small  ellipses.  Fig.  6  shows  that  the  assumed  major  axes  of  the  eUipses  are  at  0, 45,  and  90  degrees. 


Fig.  5.  Assumed  interior  geometry  of  two-port  six-cavity  filter  of  Fig.  4. 
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Fig.  6.  Cross  section  of  Fig.  5,  showing  elliptical  cavity  apertures. 

The  apertures  assumed  in  Figs.  5  and  6  are  not  those  of  the  measured  filter  [9]  because  they  do  not  progress  as 
needed  for  an  ideal  dual-mode  filter  [10].  One  of  the  two  large  elliptical  major  axes  at  +45  degrees  should  have 
been  rotated  to  -45  degrees.  With  both  major  axes  at  +45  degrees,  the  assumed  filter  of  Fig.  5  possesses  mirror 
symmetry  about  a  plane  midway  between  its  3rd  and  4th  cavities,  which  may  not  be  true  in  practice. 

Due  to  the  assumed  symmetry  in  Fig.  5,  only  a  one -half  model  containing  three  cavities  is  required.  The  half  mod¬ 
el  must,  however,  be  analyzed  twice.  One  analysis  has  an  electric  wall  (PEC)  boundary  condition  at  the  symmetry 
plane,  which  obtains  the  odd  solution.  The  second  analysis  has  a  magnetic  wall  (PMC)  boimdary  condition  at  the 
symmetry  plane  and  obtains  the  even  solution.  These  one -port  lossless  models  both  obtain  reflection  coefficients 
of  magnitude  equal  to  1.  The  phase  of  these  two  reflection  coefficients  determines  the  overall  S-parameters  of  the 
two-port  filter.  Denoting  the  phase  of  the  even  solution  by  l]Jeven  and  the  phase  of  the  odd  solution  by  Ipodd .  the 
overall  two— port  S— parameters  are  computed  by; 

|S„|  =  cos[0.5(rp^  -  rlJodd)]  .  ISj,!  =  sin[0.5(niev,n  -  ipodd)]  (7) 

Fig.  7  shows  the  finite  element  model  developed  for  the  MicroWaveLab  direct  frequency  and  modal  frequency 
computations  of  the  S-parameters  of  (7).  The  two  different  boundary  conditions  are  applied  to  the  right-hand 
boundary  plane.  The  model  contains  5,772  tetrahedral  HI -curl  finite  elements  with  33,626  degrees  of  freedom. 
Note  that  because  of  the  finite  thickness  irises,  the  elements  shown  in  Fig.  7  need  not  match  up  from  waveguide  to 
adjacent  cavity  and  between  adjacent  cavities. 

The  modal  frequency  anafysis  used  all  modes  between  0.1  and  14.9  GHz.  Fig.  8  compares  direct  frequency  and 
modal  frequency  results  for  |  Sn  | ;  they  agree  well  except  near  11.24  GHz  where  the  dips  differ  in  magnitude  by  about 
6  dB.  Fig.  9  compares  direct  frequency  and  modal  frequency  computations  for  |  S21  [ .  In  general,  the  modal  frequen¬ 
cy  S— parameters  agree  well  with  those  computed  by  the  standard  direct  frequency  FEA. 

On  an  HP  735/125  computer,  time  for  each  run  (even  or  (jdd)  at  201  frequencies  is  reduced  from  41,535  seconds 
for  direct  frequency  FEA  to  1,775  seconds  for  modal  frequency  FEA.  Thus  the  speedup  factor  is  greater  than  23. 
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Fig.  7.  Finite  element  model  of  one-half  of  two-port  six-cavity  IBIter  of  Fig.  5. 


mparison  of  direct  frequency  and  modal  frequency  reflection  coefficients  computed  for  the  six- 
cavity  filter  of  Fig.  5. 
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Fig.  9.  Comparison  of  direct  frequency  and  modal  frequency  transmission  coefficients  computed  for  the  six- 

cavity  filter  of  Fig.  5. 


CONCLUSION 

The  new  modal  frequency  method  of  FEA  has  been  compared  with  conventional  direct  frequency  FEA.  Modal 
FEA  S-parameters  for  the  ACES/TEAM  19  single-cavity  filter  compare  well  with  those  of  direct  FEA  and  with 
measurements.  Modal  and  direct  S-parameters  also  compare  well  for  a  variation  of  a  six-cavity  dual-mode  filter. 
The  modal  frequency  method  yields  computer  time  speedups  of  20  and  23,  respectively,  for  the  two  filters. 
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Abstract.  This  paper  discusses  the  extension  of  a  class  of  model  order  reduction  techniques  based 
on  the  Lanczos  algorithm  to  distributed,  vectorial  electromagnetic  systems.  The  reduced-order 
model  generated  by  this  approach  can  be  used  for  the  efficient  broadband  response  calculation  of 
the  system.  The  proposed  technique  is  more  robust  than  the  asymptotic  wavefom  evaluation- 
based  methodology  used  recently  in  conjunction  with  finite  element  electromagnetic  modeling  in 
the  frequency  domain.  Numerical  examples  from  wave  propagation  in  waveguides  are  used  to 
validate  the  proposed  methodology  and  demonstrate  its  capabilities. 

1.  Introduction 

Except  for  very  simple  systems,  distributed  electromagnetic  analysis  is  hindered  by  the  large 
number  of  degrees  of  freedom  involved  in  the  mathematical  model.  This  suggests  that  in  addition 
to  the  development  of  more  efficient  techniques  for  the  solution  of  the  large  matrices  resulting 
from  the  numerical  approximation,  the  development  of  reduced-order  modeling  techniques,  which 
allow  the  replacement  of  most  of  the  mathematical  model  of  the  electromagnetic  system  with  a 
substantially  smaller  model  that  approximates  sufficiently  its  behavior,  is  of  equal  importance  to 
advances  in  efficiency  and  modeling  capability  of  electromagnetic  simulators. 

Reduced-order  modeling  of  physical  systems  is  a  common  practice  in  engineering.  In  particular, 
in  the  discipline  of  electrical  engineering  several  examples  of  physical  model  order  reduction  come 
to  mind.  Perhaps  the  most  important  is  the  reduction  of  Maxwell’s  equations  to  Kirchhoff ’s  laws 
for  the  mathematical  description  of  the  electrical  behavior  of  circuits  for  frequencies  such  that 
the  physical  dimensions  of  the  circuits  are  only  a  fraction  of  the  wavelength.  The  impact  that 
Kirchhoff ’s  laws  have  had  on  the  advancement  of  electronic  technology  is  indeed  profound.  Other 
appUcations  of  physical  model  order  reduction  that  have  contributed  significantly  to  the  analysis 
of  electromagnetic  wave  interactions  in  complex  environments  include:  a)  the  development  of 
telegrapher’s  equations  for  the  description  of  one-dimensional  wave  propagation  in  two-  and  multi¬ 
conductor  transmission  lines;  b)  the  concept  of  impedance  boundary  condition;  c)  the  geometric 
theory  of  diffraction. 

In  parallel  to  the  aforementioned  physical  model  order  reduction  procedures,  model  order  re¬ 
duction  can  be  effected  in  a  purely  mathematical  way.  The  objective  of  the  mathematical  approach 
to  reduced-order  modeling  of  a  linear  electromagnetic  system  may  be  stated  in  a  generic  form  as 
follows.  Given  a  linear  system,  construct  a  sufficiently  accurate  approximation  of  its  transfer  func¬ 
tion  JI{s)  using  only  a  relatively  small  number  of  dominant  poles  and  zeros.  This  approximation 
is  capable  of  capturing  with  satisfactory  accuracy  the  behavior  of  the  system  on  some  desirable 
temporal  (and/or  spatial)  scale. 

This  mathematical  model  order  reduction  has  been  explored  and  used  significantly  over  the 
years  for  efficient  modeling  of  large-scale  dynamical  systems  in  a  variety  of  engineering  disci¬ 
plines.  In  the  area  of  elctromagnetic  modeling,  some  of  the  earlier  efforts  include  the  application 
of  model-based  parameter  estimation  for  the  rapid  generation  of  broadband  electromagnetic  re¬ 
sponses  using  integral  equation  techniques  [1].  More  recently,  the  asymptotic  waveform  evaluation 
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(AWE)  method,  which  has  been  used  with  great  success  in  the  efficient  simulation  of  large  cir¬ 
cuits  including  both  lumped  elements  and  transmission  lines  [2]- [6],  was  used  in  conjunction  with 
the  finite  element  method  for  the  broadband  characterization  of  waveguide  and  planar  microwave 
passive  components.  Several  examples  of  such  applications  can  be  found  in  these  proceedings. 

Despite  its  success,  the  AWE  algorithm  has  inherent  numerical  limitations  which  restrict  its 
applicability  to  systems  that  can  be  modeled  accurately  using  only  a  relatively  small  number  of 
poles.  Clearly,  this  is  an  issue  of  concern  when  the  approximation  of  distributed  electromagnetic 
systems  is  of  interest.  Earlier  efforts  in  conjunction  with  modeling  of  wave  propagation  in  transmis¬ 
sion  lines  have  led  to  enhancements  which,  however,  come  at  the  cost  of  increased  computational 
complexity.  The  most  successful  of  these  is  the  so-called  complex  frequency  hopping  (CFH)  [6], 
and  is  the  one  used  currently  in  conjunction  with  the  aforementioned  finite  element  modeling  of 
electromagnetic  systems. 

Recently,  a  robust  alternative  to  the  AWE  algorithm  was  proposed  by  Feldmann  and  Freund 
[7].  The  algorithm  they  proposed  was  called  Fade  approximation  via  Lanczos  (PVL).  PVL  uses 
a  numerically  robust  Lanczos-type  process  to  compute  Fade  approximations  of  linear  network 
transfer  functions,  up  to  any  order,  as  required  by  the  desired  level  of  accuracy.  The  successful 
extension  of  this  algorithm  to  the  modeling  of  circuits  with  transmission  line  systems  was  presented 
in  [8]. 

In  this  paper,  the  PVL  algorithm  is  used  for  the  efficient  broadband  simulation  of  three- 
dimensional  electromagnetic  systems.  The  presentation  includes  the  underlying  mathematical 
framework  used  in  conjunction  with  model  order  reduction.  Examples  from  the  application  of 
this  methodology  to  the  simulation  of  wave  propagation  in  metallic  waveguides  with  discontinu¬ 
ities  are  presented  in  order  to  ellaborate  on  its  numerical  implementation  and  demonstrate  its 
numerical  efficiency. 

2.  The  Mathematical  Framework  for  PVL 

The  mathematical  framework  for  the  development  of  Fade  approximations  using  Lanczos  and 
Arnoldi-type  algorithms  is  discussed  next  in  a  general  fashion  considering  a  linear  time-invariant 
system.  For  distributed  electromagnetic  problems,  such  a  system  results  from  the  numerical  ap¬ 
proximation  of  spatial  derivatives  in  Maxwell’s  time- dependent  equations.  A  development  of  such 
an  approximation  using  the  Yee’s  lattice  will  be  discussed  in  Section  3.  Let  Af  be  the  total  number 
of  state  variables  in  the  system,  and  let  m  be  the  number  of  outputs  of  interest.  The  state-space 
representation  of  the  system  may  be  cast  in  the  form 

^  -Gx(()  +  u(i)  (1) 

y(t)  =  Z^x(t)  (2) 

where  x  =  [y ,  x,>i]^  is  the  vector  of  the  state  variables  of  the  system  with  the  vector  of  internal 
variables  and  y  the  vector  of  the  m  state  variables  that  constitute  the  outputs  of  interest,  u  is  a 
vector  associated  with  the  forcing  function,  while  Z  =  [I,„,0]^  is  the  matrix  that  selects  y  from  x. 

denotes  the  identity  matrix  of  dimension  m  and  the  superscript  T  denotes  matrix  transposition. 
C  and  G  are  constant  matrices. 

In  Laplace  domain  (1),(2)  become 


sCx(s)  —  -Gx(5)  -I-  u(s) 
y(s)=:Z^x(s) 


(3) 

(4) 


(5) 


from  which,  the  transfer-function  matrix  for  the  circuit  is  easily  obtained  as 

H(s)  =  Z^(G-FsCr^ 

With  the  change  of  variables  s  =  sq  +  (5)  may  be  cast  in  the  form 

H(so  +  cT)  =  Z^(I-aAr'R  (6) 

where  A  =  —  (G  +  soG)“^C  and  R  =  (G -f  sqG)  .  *  +/ 

Without  loss  of  generality  let  us  consider  the  simple  case  of  a  system  with  one  output  [m  -  ij. 
Then  H  is  a  scalar  function.  With  the  assumption  that  A  is  diagonalizable,  we  have 

A  =QAQ-^ 

A  =diag  { Ai ,  A2, . . . ,  Am} 

With  the  definitions  =  z^Q,  g  =  Q"^r,  and  after  some  matrix  manipulations,  the  transfer 
function  of  the  single-output  system  may  be  cast  in  the  form 

H{so  +  cr)  =  z^Q  (I  -  (tA)-'  Q-'r  (7) 


or  M  , 

j=i  ^ 

The  difficulty  with  this  pole-residue  representation  of  the  system  response  is  that  the  calculation  of 
all  the  poles  becomes  prohibitively  expensive  as  M  becomes  large.  It  is  the  goal  of  reduced-order 
modeling  to  approximate  (8)  with  a  pole-residue  representation  that  includes  only  the  poles  needed 
for  sufficient  accuracy  in  the  temporal  scale  of  interest.  ^  ^  ^  . 

More  specifically,  the  fundamental  idea  behind  reduced-order  modeling  is  the  following.  In¬ 
stead  of  calculating  exactly  the  transfer  function,  fr(s),  of  the  linear  system,  seek  an  approximation 
of  it  that  describes  adequately  its  properties.  One  of  the  possible  approaches  is  Fade  approxima¬ 
tion.  The  qth.  Fade  approximation  to  ^r(so  +  o')  is  the  rational  function 


.  bp  -I-  b\a  H - h  ^ 

,(so  +  <^)-  i  +  aiO  +  '.-d-a^o-J 


(9) 


the  Taylor  series  of  which  about  sq  agrees  with  the  Taylor  series  of  Hisp  +  a)  in  at  least  the  first 

2g  terms:.  .  „  . 

Hg{sp  -K  <t)  =  H{sp  +  c)  +  0  (cr^^) 

The  coefficients  ai,02,...,a„  60,61, axe  uniquely  determined  by  matchi^ng  the  first  2g 
Taylor  coefficients  (moments),  mn,  of  the  exact  transfer  function  with  those  of  the  approximate 
transfer  function, 

=  =  „  =  (10) 

n!  ds"  n!  ds" 

Considering  the  general  case  of  a  system  with  m  outputs,  the  specific  form  of  (6)  leads  to  the 
following  Taylor  series  for  the  transfer-function  matrix  H(so  +  <r). 


H(«o  +  ff)  =  Z’'  (I  +  (tA  +  (T^  Ai  +  . . .)  a  =  ^  M„<r” 


(11) 


n=0 
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where  the  matrices,  Mn,  Mn  =  Z^A”R,  n  =  0, 1,2, are  the  moments  of  the  system  response. 

It  is  dear  from  this  last  expression  that  the  moments  can  be  generated  in  a  computationally 
efficient,  recursive  manner  once  the  matrix  A  has  been  computed.  This  moment  generation  phase 
is  then  followed  by  the  moment  matching  process  described  by  (10),  which  eventually  leads  to  a 
pole-residue  representation  of  the  elements  of  the  transfer  function  matrix  H.  What  is  achieved 
by  the  AWE  algorithm  is  the  solution  of  the  approximated  problem  over  a  range  of  frequencies  at 
the  cost  of  a  single  matrix  inversion  at  a  properly  selected  frequency  (sq)-  However,  as  already 
mentioned  earlier,  the  moment-matching  phase  of  the  AWE  algorithm  has  inherent  limitations 
which  limit  its  applicability  to  systems  with  small  number  of  poles  only.  As  an  alternative  Fade 
approximations  for  systems  with  large  numbers  of  signfficant  poles  can  be  generated  up  to  any 
order,  as  required  by  the  desired  level  of  accuracy,  in  a  more  robust  way  using  Krylov  subspace 
iteration  techniques. 

For  the  purposes  of  this  paper  we  concentrate  on  the  use  of  the  Lanczos  algorithm  for  the 
development  of  Fade  approximations,  as  proposed  by  Feldmann  and  Freund  [7]  and  Gallivan, 
Grimme  and  Doren  [9],  At  this  point  it  is  appropriate  to  recall  that,  given  &a  N  X  N  matrix  A 
which,  in  general,  is  non-Hermitian,  the  Lanczos  algorithm  generates  a  sequence  of  n  x  n  tridiagonal 
matrices,  Tn,  n  =  1,2, . . .,  which,  in  a  certain  sense,  approximate  A  [10].  More  specifically,  under 
the  assumption  of  exact  arithmetic  and  no  breakdowns,  the  Lanczos  algorithm  terminates  after  at 
most  Q  steps,  where  Q  <  N,  and  the  tridiagonal  matrix  Tq  represents  the  restriction  of  A  or  A^ 
to  an  A-invariant  or  A^-invariant  subspace  of  C^,  respectively.  All  eigenvalues  of  Tq  are  also 
eigenvalues  of  A  and  the  algorithm  generates  basis  vectors  for  the  resulting  A-invariant  or  A^- 
invariant  subspaces.  Clearly,  it  is  the  spectrum  of  the  tridiagonal  matrices  T„  that  is  of  immediate 
relevance  to  reduced-order  modeling.  Typically,  the  spectrum  of  T„  offers  good  approximations  to 
some  of  the  eigenvalues  of  A  even  for  n  <C  iV.  To  summarize,  the  tridiagonal  matrix  T,,  resulting 
from  the  qth  iteralyon  (g  <  A),  is  a  good  approximation  to  the  matrix  A.  Furthermore,  Feldmann 
and  Freund  demonstrated  that 


H,(s)  =  (z^r)  .6,^(1  -  <TT,)-'ei  (12) 

where  ei  =  [1,0,..., 0]^.  Hence,  the  tridiagonal  matrix  T,  leads  directly  to  the  gth  order  Fade 
approximation  of  H{s).  A  pole-residue  representation  is  obtained  from  (12)  in  a  straightforward 
fashion  as  follows.  Rewriting  (12)  in  terms  of  the  eigendecomposition  of  the  matrix  Tg, 

T,  =  s,A,s;'  (13) 

where  A,  =  diag(Ai,A2,*-‘,‘^9)>  defining  the  vectors  fi  -  S^ei  and  v  =  S“^ei  one  obtains 

H,(5)  =  (z^r) .  /i^(I  -  aAg)-^u  =  ^  (14) 

Clearly,  F VL  generates  the  Fade  approximation  of  A  directly;  thus  the  ill-conditioned  moment 
matching  phase  of  AWE  is  avoided.  The  computational  procedure  of  the  PVL  algorithm  can  be 
formd  in  [7].  We  only  comment  here  on  the  selection  of  the  expansion  point  so.  If  the  frequency 
range  of  interest  is  f^ia  <  f  <  /mMi  where  /min  <  /max  and  /n,»x  >  0,  s©  is  selected  to  be 

^  =  (/max  ~  /min)^  +  /(/max  +  /min)^  (15) 

For  the  special  case  where  the  frequency  range  of  interest  is  0  <  /  <  /max,  the  property  that  the 
impulse  responses  of  the  systems  of  interest  are  real,  i.e.  H*{j2Tf)  =  H{-j2zf),  is  used  to  define 
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the  equivalent  frequency  range  -/n,ax  <  /  <  /max-  Thus,  from  (15),  the  expansion  point  is  found 
to  be  So  =  27r/inax* 

In  general,  the  matrix  A  =  -(G+soC)~^C  is  nonsymmetric.  It  is  weU  known  that  the  Lanczos 
algorithm  may  break  down  for  nonsymmetric  matrices.  This  breakdown  is  well  understood  and 
several  look-ahead  implementations  have  been  proposed  to  overcome  it  (when  possible)  [11].  It  is 
pointed  out  that  the  dominating  cost  of  the  algorithm  is  the  computation  of  the  LU  factorization 
of  the  matrix  G  +  sqC,  which  is  done  only  once. 

3.  State-Space  Representation  of  the  Discrete  Electromagnetic  System 

Before  we  proceed  with  the  development  of  the  state-space  representation  of  the  Maxwell’s 
time-dependent  curl  equations,  it  is  important  to  recall  that  numerical  approximations  of  electro¬ 
magnetic  boundary  value  problems  using  finite  methods  result  in  discrete  models  of  finite  order. 
Thus,  the  approximate  response  of  the  system  is  bandlimited,  with  cutoff  frequency  dependent  on 
the  grid  size  and  the  order  of  the  approximation.  Consequently,  the  pole- residue  representation  of 
the  transfer  function  of  the  approximated  electromagnetic  system  will  be  of  finite  order. 

For  the  purposes  of  this  paper,  the  spatial  approximation  of  the  curl  terms  in  Maxwell’s  time- 
dependent  equations  is  effected  using  the  Yee’s  lattice.  The  two  curl  equations  can  be  written  in 
a  compact  form  as  follows 

-P-^x(r,t)  =  Lx -I- Dx -h  f(f,f)  (16) 

at 

where  x  =  D  is  the  spatial  differential  operator  matrix  representa¬ 

tion  of  the  curl  operators;  P  and  L  are  time-independent  matrices  that  include  the  permittivi¬ 
ties/permeabilities  and  conductivities,  respectively,  at  the  specific  point  in  space;  f  is  the  vector 
of  source  current  densities.  Assuming  a  causal  system  with  sources  that  turn  on  at  t  =  0  and  zero 
initial  conditions,  the  results  in  [12]  are  used  to  develop  the  Laplace-domain  form  of  the  discrete 
approximation  of  (16)  on  a  Yee’s  lattice  over  the  volume  of  interest 

-[sP  -b  (L  -b  D)]x(5)  =  hu{s)  (17) 

where  the  symbol  P  is  used  to  denote  the  discrete  form  of  the  matrix  operator  P  with  similar 
notation  for  the  other  matrices  and  vectors.  The  source  currents  are  assumed  to  be  of  the  form 
f(f,<)  =  u(t)b(r3-  Clearly,  the  discrete  model  is  of  the  form  in  (3),  with  C  =  P  and  G  =  L  +  D. 

For  radiation  and  scattering  problems,  absorbing  boundary  conditions  need  to  be  used  for 
refiectionless  grid  truncation.  The  grid  truncation  scheme  based  on  Berenger’s  perfectly  matched 
layer  (PML)  [13]  appears  to  be  most  suitable  for  our  purposes  since  the  splitting  of  the  fields 
preserves  the  linearity  in  s  of  the  discrete  problem.  The  performance  of  Berenger’s  PML  in  con¬ 
junction  with  the  development  of  Pade  approximations  for  unbounded  problems  using  the  Lanczos 
algorithm  is  currently  under  investigation.  An  alternative  implementation  of  PMLs  using  the  gen¬ 
eralized  theory  for  PML  (GT-PML)  [14]  is  possible  also,  and  its  performance  in  conjunction  with 
the  PVL  model  order  reduction  process  is  also  under  investigation.  The  results  from  these  studies 
will  be  published  in  a  future  paper. 

4.  Numerical  Experiments 

The  first  example  deals  with  the  simple  problem  of  wave  propagation  inside  an  air-filled 
rectangular  waveguide.  The  cross  section  of  the  guide  is  on  the  x  —  y  plane;  its  width  along  x 
is  7.62  cm  and  its  height  along  y  is  3.81  cm.  An  electric  current  sheet  source  placed  at  the  center 
of  a  finite  segment  of  the  guide  is  used  to  excite  the  TEio  mode.  The  guide  is  terminated  at 
both  ends  using  four-cell  thick  PMLs  designed  for  a  10"®  reflection  coefficient  at  normal  incidence. 
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The  desired  output  is  the  amplitude  of  the  y  component  of  the  electric  field  along  the  aas  of  the 
waveguide.  The  expansion  point  for  the  PVL  approximation  is  taken  to  be  sq  -  27r/o,  where 
/o  =  6  GHz.  In  Fig.  1  the  magnitude  of  the  field  calculated  from  a  PVL  approximation  of  order 
40  is  compared  with  the  analytic  result  over  the  frequency  range  from  cutoff  to  5  GHz-  ExceUent 
agreement  is  observed.  Fig.  2  depicts  the  comparison  of  the  analytic  result  with  that  obtained 
from  the  PVL  for  the  real  part  of  Ey  for  the  TEio  mode  along  the  axis  of  the  guide  at  /  -  6 
GHz.  The  agreement  is  very  good  for  both  approximations  of  orders  20  and  40,  generate  usmg 

the  expansion  point  /o  =  6  GHz.  ,  .  .  *  -  . 

The  second  example  deals  with  the  calculation  of  the  return  loss  for  a  dielectric  post  inside  a 
WR90  waveguide.  The  post  is  placed  at  the  center  of  the  guide  as  shown  in  Fig.  3.  Its  width,  c,  is 
12  mm,  its  length,  d,  is  6  mm,  and  its  its  dielectric  constant  is  8.2.  Measured  resets  for  the  return 
loss  for  this  structure  are  available  in  [15].  Figure  4  depicts  the  comparison  of  the  measured  data 
with  those  generated  using  PVL  approximations  of  order  40  and  60  and  expansion  point  so  - 
with  fo  =  13  GHz.  Very  good  agreement  is  observed. 

5.  Concluding  Remarks 

As  electromagnetic  CAD  technology  continues  to  mature,  a  new  computer  modeling  and  sim¬ 
ulation  environment  is  expected  to  emerge,  capable  of  supporting  design  iteration  and  prototyping 
of  high-speed,  high-frequency  electronic  components  and  systems.  Since  the  accurate  resolution  of 
the  electromagnetic  interactions  in  such  components  and  systems  result  in  numencd  approxima¬ 
tions  with  a  very  large  number  of  degrees  of  freedom,  model  order  reduction  is  anticipated  to  play 
an  important  role  in  the  development  of  efficient  electromagnetic  CAD  tools.  ,  .  ,  , 

The  process  of  model  order  reduction  was  discussed  in  this  paper  from  both  a  physical  and 
a  mathematical  point  of  view.  It  was  shown  that  robust  model  order  reduction  techniques  used 
currently  for  simulation  of  very  large  lumped  circuits,  can  be  extended  to  handle  distributed  electro¬ 
magnetic  systems.  In  particular,  it  was  demonstrated  how  the  Fade  via  Lanczos  (PVL)  alprithm 
can  be  used  effectively  for  the  generation  of  very  accurate  single-point  Fade  approximations  for 
the  broadband  electromagnetic  response  of  waveguiding  structures.  .  ,  ^ 

In  addition  to  facilitating  the  broadband  response  calculation  from,  essentially,  a  single  fre¬ 
quency  solution  of  the  the  boundary  value  problem,  the  pole-residue  form  of  the  Fade  approxima¬ 
tion  of  the  transfer  function  can  be  used  to  generate  in  a  very  efficient  and  accurate  fashion  the 
transient  response  of  the  system  for  a  given  excitation.  Indeed,  even  for  those  cases  that  the  inverse 
Laplace  tranform  cannot  be  carried  out  analytically,  the  exponential  character  of  the  time-doinain 
form  of  the  PVL  approximation  of  the  transfer  function  permits  the  use  of  efficient,  recursive  tim^ 
domain  convolutions  of  0{Af)  complexity  (where  N  is  the  number  of  steps  in  the  time  integration). 
Finally,  the  generated  reduced-order  models  for  the  port  responses  of  a  “multiport”  linear  dectro- 
magnetic  system  result  in  the  development  of  broadband  macromodels  of  the  multiport,  which  can 
be  used  subsequently  for  the  rapid  simulation  of  more  compHcated  linear/nonUnear  systems  that 
contain  the  specific  multiport  as  a  subsystem. 
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Frequency  (GHz) 


Distance  from  Excitation  Plane  (mm) 


Fig.  1  Magnitude  of  the  electric  field  of  the 
mode  in  a  uniform  rectangular 
waveguide  versus  frequency.  The  expan¬ 
sion  point  is  ^  =  6  GHz . 


Fig. 2  Real  part  of  the  electric  field  of  the 
mode  at  /  =  3  GHz  along  the  axis  of 
the  waveguide.  Excitation  plane  is  at 
r  =  0 .  Expansion  point  is  =  6  GHz . 


Fig.  3  Dielectric  post  inside  WR90 
waveguide  (er=8.2).  d  =  6  mm ,  c  =  12  mm . 


Fig.  4  Return  loss  simulated  and  measured 
in  [15]  for  the  geometry  of  Fig.  3.  Expan¬ 
sion  point  is  /o  =  13  GHz  for  all  cases. 
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A  b  s  tract  -In  this  paper,  a  new  approach  to  integrate  data  obtained  from  electromagnetic  field 
analysis  into  circuit  simulations  is  presented.  The  method  is  based  on  a  robust  rational  approximation  of 
the  multiport  scattering  parameters  that  characterize  the  electromagnetic  system  and  a  recursive  convolu¬ 
tion  to  convert  the  rational  functions  into  macromodels  of  multiterminal  networks.  The  multiport  repre¬ 
sentations  of  the  scattering  parameters  (measured  or  simulated)  are  incorporated  into  traditional  circuit 
simulation  as  Norton  equivalent  circuits  with  conductances  and  dependent  current  sources.  This  allows 
the  accurate  simulations  of  electromagnetic  systems  with  nonlinear  terminal  networks.  The  method 
avoids  numerical  transforms,  band-limiting  windowing,  and  explicit  convolution  of  a  large  number  of 
points  that  are  required  in  conventional  methods.  Examples  of  transient  simulations  of  linear  and  nonlin¬ 
ear  networks  are  given  to  illustrate  the  method. 


I.  Introduction 

The  transient  simulation  of  microwave  devices,  and  high-speed  analog  and  digital  integrated  circuits 
requires  electromagnetic  analysis  of  the  distributed  systems.  The  microstrip  structures  such  as  fil¬ 
ters,  couplers,  and  impedance  transformers  have  to  be  represented  in  detail  to  determine  the  per¬ 
formance  of  the  systems.  The  microstrip  discontinuities,  dispersions  and  dielectric  losses  can  be  accu¬ 
rately  represented  by  data  from  field  solutions  than  by  equivalent  circuits.  In  order  to  provide  a  means  of 
rigorous  simulation  of  such  distributed  components,  an  efficient  method  of  integrating  data  obtained 
from  electromagnetic  field  analysis  into  circuit  simulations  is  indispensable. 

Recently,  research  has  been  directed  to  combine  the  electromagnetic  and  circuit  simulations  into  one  plat¬ 
form.  The  approaches  can  be  categorized  in  two  groups.  The  first  approach  is  to  extend  the  existing 
electromagnetic  techniques  by  introducing  the  concept  of  a  lumped  device  model  to  handle  circuit  com¬ 
ponents  that  represent  passive  and  active  devices  [l]-[4].  Resistors  and  capacitors  are  implemented  as 
three-dimensional  block  resistors  and  parallel-plate  capacitors  selecting  the  conductance  and  the  permit¬ 
tivity  of  the  regions.  The  semiconductor  devices  are  implemented  either  as  analytical  grid  models  or  us¬ 
ing  the  concepts  of  voltage-variable  resistors  and  capacitors.  The  second  approach  concentrates  on  inte¬ 
grating  the  fundamental  parameters  of  the  electromagnetic  systems  into  a  circuit  simulation  environment. 
The  fundamental  parameters,  such  as  impedance,  admittance  or  scattering  parameters,  are  directly  used 
in  circuit  simulation  to  solve  the  terminal  voltages  and  currents  of  an  arbitrary  network  using  convolution 
[5],  [6].  An  alternative  approach  is  to  extract  equivalent  circuit  representations  directly  from  simulated  or 
measured  time-  or  frequency-domain  data  [7].  The  time-domain  approximation  of  impulse  response  in¬ 
volves  costly  optimization  and  the  method  does  not  guarantee  physically  meaningful  (positive)  values  for 
the  circuit  elements.  Often  the  automatic  extraction  fails  to  give  useful  information  for  complex  problems 
[8]. 

In  this  paper,  a  new  approach  is  presented  to  integrate  data  obtained  from  electromagnetic  field  analysis 
into  circuit  simulations.  The  scattering  parameters  of  a  multiport  network  are  extracted  from  electromag- 
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netic  simulations,  and  measurements.  The  equation  describing  the  electroma^etic  (EM)  system  is  for¬ 
mulated  using  the  scattering  matrix,  terminal  voltages  and  currents,  reference  impedances  and  virtual  de¬ 
pendent  sources.  The  scattering  matrix  is  approximated  using  a  rational  function  and  recursive  convolu¬ 
tion  is  applied  to  convert  the  rational  functions  into  macromodels  of  multiterminal  networks  that  can  be 
used  as  system  matrix  stamps.  The  approach  bypasses  explicit  convolution,  inverse  Fourier  tr^sforms, 
and  low-pass  filtering  of  a  large  number  of  points  in  order  to  avoid  aliasing  and  time-domain  ripples  as¬ 
sociated  with  the  transformation  of  data  between  the  frequency  and  time  domains.  The  circuit  representa¬ 
tions  of  an  EM  system  using  Norton  equivalent  circuits  with  a  conductance  and  a  time-dependent  current 
source  is  compatible  with  those  of  conventional  time-domain  simulators  such  as  SPICE  [9]  and  AST^ 
[10]  or  with  methods  based  on  reduced-order  techniques  such  as  asymptotic  waveform  evaluation 
(AWE)  [11],  complex  frequency  hopping  (CFH)  [12],  and  Fade  via  Lanczos  (PVL)  [13]. 

In  Section  H,  the  method  of  implementing  the  scattering  parameter  formulation  of  a  multiport  network  in 
conventional  circuit  simulators  is  described.  Then,  the  rational  approximation  technique  of  a  network 
function  is  presented  in  Section  m.  The  use  of  recursive  convolution  for  efficient  calculation  of  the  sys¬ 
tem  response  of  an  arbitrary  input  is  described  in  Section  IV.  Examples  of  linear  and  nonlinear  networks 
are  given  in  Section  V.  The  conclusion  is  given  in  Section  VI. 


II.  Scattering  parameter 

A  general  network  can  be  partitioned  into  a  number  of  subnetworks.  The  EM  subsystems,  such  as  mi¬ 
crostrip  structures  and  interconnect  geometries,  can  be  represented  as  a  multiport  subnetwork  that  can  be 
characterized  by  scattering  parameters.  The  N-port  scattering  parameters  of  complex  structures  can  be 
calculated  using  full- wave  analysis  techniques.  For  example,  one  FDTD  simulation  can  generate  the 
time-domain  scattering  matrix  and  eliminate  the  adverse  effects  from  the  imperfect  boundary  conditions. 
The  corresponding  frequency-domain  scattering  parameters  are  defined  in  terms  of  the  Fourier  trans¬ 
forms  of  the  time  signatures  of  the  incident,  reflected  and  transmitted  voltages. 

It  is  possible  to  obtain  scattering  parameters  of  an  EM  system  from  frequency-domain  measurements 
with  high  accuracy  using  one  of  the  commercially  available  network  analyzers.  They  are  easier  to  meas¬ 
ure  over  a  wider  frequency  range  using  careful  calibration  techniques.  The  V-port  time-domain  impulse 
response  can  also  be  obtained  from  reflection  and  transmission  measurements  using  a  high-speed  oscil¬ 
loscope  with  TDR  and  TDT  options. 


The  analysis  of  the  Hvl  system  characterized  by  scattering  parameters  is  done  using  the  following  inci¬ 
dent  and  reflected  voltage  wave  definitions: 


A{j(0)  =  Uv{jo))  +  Z,^I(j(D)) 


(1) 


BU0))  =  ^{VU0))-Z,^IUC0)) 

The  impedance  matrix  describes  the  reference  impedance  of  an  V-port  network  and  is  used  to  de¬ 
scribe  the  scattering  parameters  in  the  calculation  or  measurement  of  the  scattering  parameters.  The  scat¬ 


tering  matrix  S(jCD)  relates  the  incident  wave  A(jco)  to  the  reflected  wave  B(ja))  as 

B{j(o)  =  S{jco)A{jco)  (2) 

In  order  to  express  the  terminal  voltages  and  currents  at  each  port,  instead  of  dealing  with  voltage  waves, 
we  terminate  the  system  by  the  reference  impedance,  Then  the  terminal  relation  can  be  represented 
by  the  equation 

[SU(o)-l]VU(o)  +  Z^[SUG))+l]  /(;©)  =  0  (3) 
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where  V(j(o)  and  I(j(o}  are  the  terminal  voltages  and  the  currents  flowing  into  the  electromagnetic  sys¬ 
tem,  and  1  is  the  identity  matrix.  To  obtain  the  response  of  the  EM  system  connected  to  an  arbitrary  net¬ 
work,  the  system  is  separated  into  an  EM  system  and  arbitrary  networks  as  shown  in  Figure  1 .  The 
ports  of  the  EM  system  are  terminated  by  a  reference  system,  and  virtual  source,  e(t)  ,  determined 
from  the  nonlinear  terminal  networks. 


V, 

V2 

Arbitrary 

“i,  V 

Z  ref 

EM 

Network 

- H  - 

V2N 

System 

Figure  1.  EM  system  and  arbitrary  network  partitions  with  overlapping  reference  systems. 

The  voltage  at  the  ports  of  the  EM  system  and  the  virtual  voltage,  e(t) ,  are  related  by 

e{t)  =  vit)  +  Z,^i{t)  (4) 

where  i{t}  is  the  current  flowing  out  of  the  arbitrary  network.  By  overlapping  the  EM  system  and  the  ar¬ 
bitrary  network  partitions,  the  currents  flowing  out  of  the  arbitrary  networks  are  equated  with  the  current 
flowing  into  the  EM  system.  In  [6],  a  negative  impedance  system,  ,  is  inserted  in  order  to  remove 
the  effect  of  the  reference  impedance.  Thus,  the  stamp  of  the  MNA,  a  matrix  formulation  used  by  circuit 
simulation  [14],  corresponding  to  the  EM  system  is  given  by 


/ 

1 

o 

1 

Zr,f(S  +  l)^ 

where  S,  and  J  are  the  scattering,  the  reference  impedance,  and  the  identity  matrices,  respectively. 
This  scattenng  matrix  formulation  uses  terminal  voltages  and  currents  and  can  directly  be  implemented 
in  conventional  simulators.  In  [15],  the  convolution  relation  in  (2)  is  used  to  derive  the  time-dependent 
relationships  between  the  terminal  voltages  and  currents.  Although  this  approach  does  not  introduce  ad¬ 
ditional  variables  to  the  MNA  matrix,  the  method  requires  special  subroutines  to  generate  the  wave  vec¬ 
tors  and  matrix  inversions  to  calculate  the  time-dependent  conductances. 


III.  Rational  Approximation 

Although  the  time-domain  impulse  response  of  an  EM  system  can  be  approximated  by  a  polynomial  of 
exponential  functions  using  such  methods  as  Prony’s  or  Pencil-of-function,  the  approximation  proce¬ 
dures  involve  costly  nonlinear  optimization.  Since  linear  electromagnetic  systems  are  well  characterized 
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in  the  frequency-domain,  a  frequency-domain  approximation  is  more  efficient  and  can  give  better  re¬ 
sults. 

The  transfer  functions  of  EM  systems  can  be  approximated  by  the  least  maximum  error  by  rational  func¬ 
tions  rather  than  that  by  polynomial  functions  of  comparable  order.  The  computational  procedures  of  ra¬ 
tional  approximations  are  numerically  sensitive  and  limited  by  the  precision  of  the  computer.  The  ap¬ 
proximation  matrices  are  ill-conditioned.  In  [16],  optimal  conditioning  and  Householder  orthogonal  tri- 
angularization  are  used  to  guarantee  the  existence  of  a  stable  rational  approximation  of  a  complex  system 
over  a  wide  approximation  domain. 

The  scattering  parameters,  Sjco) ,  of  a  linear  system  can  be  approximated  by  a  rational  function  of  de¬ 
gree  (^,1^)  as 

„  _  Q^{S.)  q^+q,s  +  q,/- 

fi  c  V ^  ~  -I  ^  ^ 

P^(5,.)  \  +  p,S  +  p^S  +...+  p^S 

with  normalized  to  unity.  Equation  (6)  contains  n=^+'d+J  free  coefficients,  hence,  at  most  n  inde¬ 
pendent  parameters.  The  coefficients  are  determined  so  that  the  approximating  function  evduated  at  the 
same  frequency  points  gives  close  approximations  to  the  function  S(s).  For  specified  finite  functional 
values  y  (i=0,  ...k-1)  and  k  specified  distinct  points,  5,.,  the  resulting  equations  give 

- V.  =0  (7) 

PAs.) 

By  canceling  the  denominators  in  (7),  one  obtains  the  linear  homogenous  system  of  k  equations  in  n  un¬ 
knowns: 


^0 

■ 

■^0  ‘^O^O 

••  -<>'o 

^2 

'  >’o  ' 

1 
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•^r  • 

sf  -5,y, 

■ 

= 

.1 

••  -sLy'k^i. 

Pi 

Pi 

2^ 

The  columns  of  VeR*^  form  independent  vectors  and  often  k>n,  and  (8)  is  a  full-rank  overdetermined 
system.  When  k>n  Equation  (8)  can  be  reformulated  as  a  square  consistent  system  that  has  a  unique  so¬ 
lution  X  =  V~^Y  for  any  YeR\  where  V  g  /f'^is  the  reformulated  V. 

For  higher-order  approximations  over  a  wider  approximation  range,  the  system  in  (8)  is  highly  ill- 
conditioned  and  nearly  singular  because  of  the  large  difference  between  the  maximum  and  mimmum  fre¬ 
quencies  raised  to  the  order  of  approximation.  The  condition  number  can  be  improved  by  normalizing 
the  maximum  frequency  to  unity  and  shifting  the  domain  variable. 

Due  to  numerical  difficulties,  solving  the  consistent  equation  obtained  from  (8)  using  the  direct  method 
may  give  inaccurate  results.  The  problem  can  be  transformed  into  a  more  numerically  robust  equivalent 
one,  yet  still  produce  the  solution.  The  Householder  QR  orthogonalization  can  be  used  to  solve  Equa¬ 
tion  (8).  The  total  computational  complexity  of  the  approximation  method  is  one  polynomial  factoriza¬ 
tion,  two  Householder  QR  transformations,  and  two  backsubstitutions. 
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The  approximation  algorithm  can  be  made  more  efficient  and  accurate  by  utilizing  the  special  properties 
of  the  EM  system  fundamental  parameters.  The  functions  are  analytic  functions  of  a  complex  variable; 
hence,  their  real  and  imaginary  parts  are  related  by  Cauchy-Riemann  equations.  The  consequence  of  this 
property  is  that  only  the  real  part,  imaginary  part,  angle,  or  magnitude  of  the  network  function  have  to  be 
approximated  and  the  network  function  itself  can  be  found  from  the  resulting  approximation.  Details  of 
the  approximation  can  be  found  in  [16].  The  scattering  parameters  are  approximated  by  stable  partial 
fraction  expansion  given  as 

//(5)  = 

i=] 

This  partial  fraction  expansion  is  used  to  characterize  the  EM  system.  In  the  next  section,  the  partial 
fraction  expansion  is  used  to  perform  convolution  efficiently  to  obtain  system  response  for  an  arbitrary 
input. 


IV.  Recursive  convolution 


We  established  the  fact  that  the  transient  response  of  an  electroma^etic  system  can  be  approximated  by 
the  exponential  functions  in  the  time  domain  or  rational  function  in  the  frequency  domain.  In  the  pre¬ 
ceding  sections,  we  have  successively  derived  a  robust  frequency-domain  rational  approximation  method 
for  the  transfer  functions  of  electromagnetic  systems.  The  response  of  the  system  for  an  arbitrary  input  is 
obtained  in  the  form 


Y{s)= 


X(s) 


(10) 


where  X(s),  Y(s)  and  His)  are  the  Laplace  domain  input,  output  and  transfer  function  of  the  system,  re¬ 
spectively.  The  time-domain  response  is  obtained  by  calculating  the  convolution  integral  given  as 


y(0  =  £x(T)  h{t-T)  dr 


(11) 


where  x{r)  and  y(r}  are  the  input  and  output  to  the  linear  system,  respectively,  h( r)  is  the  impulse- 
response  or  the  kernel  function  of  the  system.  The  convolution  integral  in  (11)  becomes  progressively 
more  expensive  as  the  simulation  time  increases.  Since  the  transfer  function  of  the  electromagnetic  sys¬ 
tem  is  expressed  as  a  sum  of  partial  fraction  expansions  (9),  the  time  for  the  numerical  convolution  in 
(11)  can  greatly  be  reduced  by  taking  advantage  of  the  recursive  convolution. 


The  advantage  of  a  recursive  convolution  for  calculating  the  switching  response  of  frequency-dependent 
transmission  lines  was  first  recognized  in  the  early  70's  by  power  and  systems  experts.  In  1975,  Sem¬ 
iyen  and  Dabuleanu  developed  the  recursive  convolution  and  showed  its  computational  efficiency  and 
usefulness  [17].  The  time-domain  response  can  be  written  in  terms  of  the  last  response  and  a  single  time- 
step  convolution  as 

>-(0  =  x(t)  +  X ~ Jo* ^ ^ 

Knowledge  of  the  values  of  x(t)  at  a  discrete  number  of  points  is  not  sufficient  to  specify  y(t)  uniquely 
by  the  above  equation.  It  is  necessary  to  make  assumptions  about  the  nature  of  x(t)  such  that  its  values  at 
a  discrete  set  of  the  points  suffice  to  specify  y(t)  uniquely.  If  the  excitation  is  assumed  to  be  piecewise 
constant,  x(t)=c,  where  ,  Equation  in  (12)  reduces  to 

y(t„)  =  *»x(?„)  +  ^y,.(r„)  (13) 

1=1 

where  yi (r„ )  =  (1  -  e~^‘ ) x(i„  -  St „)  +  e~^‘  y, (t„  -  St„ )) 
and  5f„  = 
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The  recursive  convolution  gives  exact  results  if  the  assumption  made  about  x(t)  is  valid.  The  stability  of 
the  convolution  method  depends  on  the  nature  of  the  system  impulse  response  function,  h(t}. 

Each  entry  in  the  submatrix  of  the  scattering  parameters  of  the  electromagnetic  system  is  approximated 
by  a  rational  function,  and  the  inverse  Laplace  transform  of  the  pole-residue  model,  is  found  symboli¬ 
cally.  This  corresponds  to  the  macromodel  stencils  of  the  MNA  matrix.  Equation  (13)  is  implemented  as 

a  Norton  equivalent  circuit  consisting  of  a  conductance  of  constant  value,  and  a  current  source, 

<! 

which  is  updated  at  each  time  iteration  based  on  the  pole-residue  pairs  and  the  voltage  at  a 

1=1 

previous  time  point.  Since  the  number  of  pole-residue  pairs  is  much  smaller  than  the  number  of  time 
points  in  the  total  simulation  time,  the  integration  routine  is  linear  in  time. 


V.  Numerical  Results 

An  interconnect  with  a  V-shaped  cross-section  is  characterized  using  a  scattering  matrix.  The  scattering 
parameters  are  measured  in  the  frequency  range  4S  MHz-10  GHz  with  a  HP85J0B  vector  network  ana¬ 
lyzer.  The  measured  scattering  parameters  of  the  interconnect  are  approximated  over  a  frequency  range 
using  a  rational  function.  Although  the  method  is  able  to  generate  a  stable,  very  high-order  rational  ap¬ 
proximation,  a  24th-  and  a  27th-  order  rational  function  is  used  to  approximate  5;,  and  Sjj,  respectively. 
The  measured  and  approximated  scattering  parameters  are  shown  in  Figures  2  to '5.  The  magnitude  and 
phase  plots  of  S,,  and  S,,  are  almost  indistinguishable. 
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Figure  2.  Magnitude  plots  of  S,,,  the  measured  Figure  3.  Phase  plots  of  5^,,  the  measured  data 

data  and  the  24th-OTdcT  rational  approximation.  and  the  24th-ordeT  rational  approximation. 
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Figure  4.  Magnimde  plots  of  5;;,  the  measured  Figure  5.  Phase  plots  of  5^;,  the  measured  data 
data  and  the  27t/z-order  rational  approximation.  and  the  27t/j-order  rational  approximation. 
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The  proposed  method  is  used  to  study  resistive  and  diode  terminations.  The  network  in  Figure  6  consists 
of  a  measured  subnetwork,  a  diode-pair  termination  and  a  resistive  termination.  For  the  measured  sub¬ 
network,  the  rational  function  approximations  of  the  scattering  parameters  of  the  V-shaped  interconnect 
are  used.  First,  the  measured  5-parameters  are  extrapolated  to  low  frequencies  for  the  dc  solution. 
Then,  the  scattering  parameters  are  incorporated  into  the  MNA  matrix  using  Equation  (5).  The  network 
is  exited  by  a  pulse  with  rise  and  fall  times  of  0.3  ns  and  pulse  magnitude  and  width  of  5  V  and  7  ns,  re¬ 
spectively.  The  network  is  simulated  with  the  diode-pair  termination  and  with  the  5  kQ  resistor  replac- 
ins  the  diodes  shown  in  Figure  6. 

+5 


Figure  6.  The  diode-pair  terminated  network.  (The  5  resistor  replaces  the  diode-pair.) 

The  transient  responses  of  the  diode-pair  termination  at  nodes  x  and  >■  are  compared  to  those  of  a  5  kQ 
resistor  termination.  At  the  far  end,  node  y,  the  voltage  response  of  the  5  kQ  resistor,  shows  voltage 
overshoots  and  undershoots  while  the  diode-pair  termination  squelch  the  voltage  overshoots  as  shown  in 
Figure  7  The  voltage  waveforms  at  the  near-end,  node  x,  for  the  two  cases  are  almost  identical  as 
shown  in  Figure  8.  Thus,  the  time-domain  analysis  of  a  nonlinear  network  can  be  performed  efficiently 


Time,  ns  Time,  ns 

Figure  9.  The  transient  response  at  node  y.  Figure  8.  The  transient  response  at  node  x. 


VI.  Conclusions 

An  efficient  method  of  integrating  data  obtained  from  electroma^etic  analysis  into  circuit  simulations  is 
presented.  The  frequency-dependent  scattering  matrix  characterizing  the  EM  system  is  approximated  by 
rational  function,  and  recursive  convolution  is  used  to  construct  the  macromodels  and  to  incorporate 
them  into  time-domain  nonlinear  solvers.  The  MNA  stamps  corresponding  to  the  EM  systems  are  con¬ 
structed  as  Norton  equivalent  circuits  with  conductances  of  constant  values  and  time-dependent  curr^t 
sources  that  are  compatible  with  the  formulations  of  conventional  circuit  simulators.  The  method  s  effi¬ 
ciency  over  traditional  methods  is  obtained  by  avoiding  the  use  of  time-consuming  IFFT,  low-pass  fil¬ 
tering  and  convolution  that  are  required  in  traditional  methods. 
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Spectral  responses  of  electromagnetic  devices  in  a  range  of  frequency  are  often  of  great 
value  for  analysis  and  design  purpose.  Among  various  approaches  for  solid  modehi^  oi 
microwave  devices,  finite  element  methods  (FEM),  especially  tangential  vect^  tote 
element  method  (TVFEM),  has  been  demonstrated  to  be  very  successful.  The 
formulation  of  EM  problems  usually  leads  to  a  matrix  equation  of  high  dimension.  And  m 
order  to  obtain  the  system  responses  within  a  certain  frequency  band,  this  equation  used  to 
be  solved  directly  at  a  set  of  discrete  frequency  points  and  the  results  are  mterpolated  to 
form  a  continuous  curve.  However  with  the  increasing  size  of  the  system,  solving  tms 
system  equation  at  many  discrete  frequency  points  can  be  very  time  consuming.  Especially 
when  the  system  posses  a  complex  spectral  behavior,  the  points  that  this  approach  needs 
can  be  50  or  even  more. 

This  paper  describes  an  efficient  approach  for  evaluating  the  spectral  responses  of  to 
passive  mcrowave  devices.  This  method  is  based  on  the  TVFEM  formulation  of  the  EM 
problems  and  to  AWE  technique.  Through  choosing  the  expansion  point  from  the  enme 
frequency  plane  as  well  as  with  selective  orthogonalization  in  the  Lanczos  process,  to 
spectral  responses  of  the  system  can  always  be  obtained  by  the  expansion  at  a  single 
frequency  point.  An  adaptive  algorithm  based  on  this  approach  is  developed  and  applied  to 
several  practical  problems. 
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Abstract 

This  paper  describes  an  efficient  method  for  both  spectral-  and  time-domain  solution  of  general 
EM  problems  using  reduced-order  models.  In  this  technique,  EM  problems  described  by  generalized 
FEM  formulation  (both  homogeneous  and  inhomogeneous  cases)  which  usually  result  in  large  sets  of 
algebraic  equations  are  reduced  to  lower-order  models  using  complex  frequency  hopping.  Proposed 
technique  can  also  handle  formulations  consisting  of  hybrid  finite  element  -  boundary  integral  sys¬ 
tems.  Several  electromagnetic  problems  have  been  studied  using  the  proposed  technique  and  a  speed 
up  of  one  to  three  orders  of  magnitude  is  achieved  for  a  comparable  accuracy  with  conventional  tech¬ 
niques. 


I.  INTRODUCTION 

Efficient  solution  of  electromagnetic  field  formulations  are  important  for  accurate  and  quick  analy¬ 
sis/design  of  high-speed  circuits  and  systems.  Most  common  approach  used  for  the  solution  of  EM 
problems  is  the  finite  element  method  (FEM)  [1]  -  [3]  and  the  formulation  can  be  in  space/frequency 
or  space/time  domain.  The  formulations  in  the  spectral-domain  lead  to  a  set  of  algebraic  equations 
which  have  to  be  solved  repeatedly  at  many  frequency  points,  while  the  one  in  the  latter  domain  leads 
to  a  set  of  ordinary  differential  equations  which  have  to  be  solved  in  time-domain.  Generally,  the  size 
of  the  resulting  equations  is  large  and  the  conventional  solution  algorithms  are  restricted  by  computing 
time  and  stability  conditions  [4].  Also  in  most  applications  both  frequency-  and  time-domciin  results 
are  required  to  be  computed.  In  order  to  address  the  above  issues  efficiently,  a  new  solution  method 
based  on  reduced-order  models  using  CFH  [5]  -  [7]  has  been  developed. 

Complex  Frequency  Hopping  (CFH)  is  a  moment-matching  technique  that  has  been  recently  devel¬ 
oped  in  the  circuit  simulation  area  which  yields  a  speed-up  factor  of  10-1000  over  conventional  circuit 
simulators.  It  has  been  extended  to  solution  of  static  fields  in  VLSI  interconnects,  in  ground/power 
planes  and  thermal  equations  [5]  -  [9].  CFH  uses  the  concept  of  moment-matching  [6],  [10]  to  obtain 
both  frequency-  and  time-domain  responses  of  large  linear  networks  through  a  lower-order  multipoint 
Fade  approximation.  It  extracts  a  relatively  small  set  of  dominant  poles  to  represent  a  large  network 
that  may  contain  hundreds  to  thousands  of  actual  poles.  CFH  is  particularly  suitable  for  solving  large 
set  of  ordinary  differential  equations  which  makes  it  a  logical  candidate  for  solving  general  class  of 
EM  equations.  The  main  advantages  of  the  proposed  model-reduction  technique  can  be  summarized 
as  follows: 


•  10-1 000  times  faster  than  the  conventional  FEM  solution  techniques 

•  Produces  simultaneously  both  the  frequency-  and  time-domain  results. 

•  Can  handle  general  case  of  EM  problems:  both  homogeneous  and  inhomogeneous  formulations. 

•  Solution  algorithm  does  not  suffer  from  instability  problems  associated  with  the  conventional 
methods. 

•  Problems  consisting  of  Dirichlet,  Neumann  and  combined  boundary  conditions  can  be  solved  and 
the  proposed  model-reduction  technique  can  be  easily  integrated  with  conventional  EM  simulators. 

Integration  of  CFH  with  nodal-based  FEM  for  solution  of  homogeneous  EM  problems  is  described 
in  [1 1].  This  paper  presents  formulation/solution  of  general  case  of  EM  problems  (both  homogeneous 
and  inhomogeneous)  based  on  the  proposed  model-reduction  algorithm.  Also,  presented  is  the  exten¬ 
sion  of  the  proposed  model-reduction  technique  for  the  more  involved  case  of  hybrid  finite  element  - 
boundary  integral  systems. 

Rest  of  the  paper  is  organized  as  follows:  A  brief  discussion  of  general  EM  formulations  is  given  in 
section  n.  Section  m  gives  a  brief  outline  of  the  CFH  algorithm.  Section  FV  presents  the  proposed 
model-reduction  algorithm.  Numerical  examples  and  conclusions  are  presented  in  section  V  and  VI, 
respectively. 

n.  FORMULATION 

For  general  time-harmonic  case,  starting  from  Maxwell’s  equations  an  expression  in  terms  of  elec¬ 
tric  field  E  can  be  derived  as  [2] 

The  boundary  conditions  often  encountered  are  those  to  be  applied  at  the  electrically  and  magneti¬ 
cally  conducting  surfaces  and  are  given  by, 

hxE  =  0\  hxVxE^O]  —ihxV  xE)  +  y^xhxhxE  =  0  (2) 

Mr 

respectively.  The  continuity  conditions  at  the  interfaces  separating  two  different  media  are 

hxE^  =  hxE'  (3) 

where  h  is  the  unit  vector  normal  to  the  interface.  J  represents  the  excitation  source  cuirent. 

=  £/eo  and  =  p/Po  denote  the  relative  permittivity  and  permeability,  respectively.  kQ  =  ^[LqZq 
and  Zq  =  Pq/Eo  are  the  wave  number  and  intrinsic  impedance  of  the  free  space,  respectively. 

In  accordance  to  the  variational  principle,  the  solution  to  the  electric  field  governed  by  (1)  -  (3)  can 
be  obtained  by  seeking  the  stationary  point  of  the  functional 

F{E)  =  ljj|[(^lvx£j-Vx£-it2e,E-£]dQ  +  {/[^nxE  •  nxfjds  +  jk^Z^W  j  E  ■  jd^  (4) 
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where  Q  represents  the  finite  element  domain.  A  similar  functional  can  also  be  derived  in  terms  of 
magnetic  field.  Alternatively,  above  kind  of  functional  can  also  be  obtained  in  terms  of  magnetic  vec¬ 
tor  potential  [2].  By  minimizing  the  functional  of  the  problem  and  applying  associated  Dirichlet  and 
Neumann  boundaiy  conditions,  a  system  of  ordinary  differential  equations  in  Laplace-domain  can  be 
obtained  as 


{Cs^  +  Bs  +  A)X{s)  =  if(j)  (5) 

or 

y(j)A:(5)  =  (6) 

where  A,  B,  C  /v  x  N  symmetric,  positive  definite  matrices  assembled  from  [S]^  and  [T]^ 
and  N  is  the  total  number  of  nodes.  Ris)  is  a  vector  of  dimension  N,  assembled  from  whicfi 

contains  the  forced  terms  attributed  to  space  or  time  excitation.  is  a  vector  containing  discretized 
unknown  field  components.  [S]g  ,  [T]g  are  real  square  elemental  matrices  and  is  a  column 

vector,  defined  as  p  p 


[S,A  =  JVafVa; 


‘p 


iGih,  =  J  of/(0<2Q. 


(7) 


where  represents  the  domain  of  finite  elements.  Here  p  refers  to  either  1 ,  2  or  3  corresponding  to 
one-,  two-  ^r  three-dimensional  FEM  formulation  with  finite  elements  and  shape  functions  . 


III.  COMPLEX  FREQUENCY  HOPPING 

Complex  frequency  hopping(CFH)  [5]  -  [7]  is  a  recently  developed  model-reduction  algorithm  in 
the  circuit  simulation  area.  It  has  been  successfully  and  efficiently  applied  for  obtaining  the  solution  of 
large  set  of  ordinary  differential  equations  and  it  uses  the  moment-matching  for  obtaining  reduced-or¬ 
der  description  of  a  linear  system.  In  general,  moment  matching  technique  approximates  the  frequen¬ 
cy  response  of  a  Taylor  series  expansion  in  the  complex  s  plane.  The  cost  of  an  expansion  is 
approximately  one  frequency  point  analysis.  The  moments  (coefficients  of  the  expansion)  are  matched 
to  a  lower-order  transfer  function  using  a  rational  Fade  approximation.  This  transfer  function  can  be 
used  to  obtain  the  output  response.  Single  Fade  approximations  are  accurate  near  the  point  of  expan¬ 
sion  in  the  complex  s  plane  and  decrease  in  accuracy  with  increased  distance  from  the  point  of  expan¬ 
sion.  CFH  overcomes  this  problem  by  performing  multiple  Taylor  expansions  in  the  complex  plane 
using  a  binary  search  algorithm.  With  a  minimized  number  of  frequency  point  expansions,  enough  in¬ 
formation  is  obtained  to  enable  the  generation  of  an  approximate  transfer  function  that  matches  the 
original  function  up  to  a  pre-defined  highest  frequency.  The  transfer  function  or  set  of  transfer  func¬ 
tions  then  acts  much  as  the  entire  network  up  to  that  frequency,  both  in  time  and  frequency-domains. 

Expanding  Ar(j)  in  (5)  about  the  complex  frequency  point  ^  =  a  yields, 
irw  =  2:^„(s-a)”  (8) 

i 

where  M„  is  the  n*^  vector  of  coefficients  (moments)  of  the  Taylor  expansion.  A  recursive  relation  for 


167 


the  evaluation  of  moments  can  be  obtained  in  the  form 


[y(a)]M„  =  -X 


Y{s) 


Xr) 


lj  =  a  " 


(9) 


r=  1 


The  transfer  function  of  the  system  is  then  found  by  matching  a  Fade  approximation  to  the  mo¬ 
ments  of  the  system  in  (8).  The  reduced-order  model  which  is  obtained  in  terms  of  approximate  domi¬ 
nant  poles  Pi  and  residues  it,  of  the  system  can  be  represented  as 


-  ^ 

H(5)  =  H(s)  =  c+  X— V 

i  =  QS~Pi 


(10) 


where  c  is  the  direct  coupling  constant  between  the  input  and  the  output  and  L  is  the  total  number  of 
dominant  poles  extracted.  Corresponding  approximate  time-domain  impulse  response  is  given  by 


L 

=  c5f+  X  M' 


PX 


(11) 


i  =  0 


In  order  to  compute  moments  in  (9),  we  need  the  derivatives  Y^'\s) .  Computation  of  Y^"\s)  has 
been  discussed  extensively  in  circuit  simulation  area  where  in  the  Y  matrix  comprises  of  circuit  ele¬ 
ments  such  as  inductors/capacitors  and  quasi-TEM  interconnect  models.  However,  computation  of 
these  moments  in  case  of  EM  formulations  has  not  been  addressed  previously  in  the  literature.  In  the 
following  section  we  propose  an  efficient  method  to  compute  these  derivatives  for  EM  formulations. 

IV.  MOMENTS-GENERATION. 

To  obtain  the  derivatives  of  Y(s)  in  (9),  a  recursive  relationship  has  been  developed  and  is  summa¬ 
rized  below: 


[Ca  +  Ba  -H  A]Mq  =  R{a) 
2 


(12) 

(13) 

(14) 


[Ca  +Ba  +  A]M^=-[B  +  2aC]Mo  +  «’(a) 

[Ca*  +  Ba  +  A]M,  .-BM,.,  -  C[2aM„  _ ,  _2]  +  ^ 

for  «  >2.  Here  (12),  (13)  and  (14)  give  the  system  moments  recursively  at  a  given  expansion  point 
j  =  a .  In  case  of  hybrid  finite  element  boundary  systems,  moments-generation  gets  little  complicat¬ 
ed  as  the  matrices  involved  here.  A,  B  and  C  are  frequency  dependent  [2].  In  this  case  also  the  mo¬ 
ments  can  be  recursively  computed  as 

[r(a)]M,= 

r=l 

where  r(a)  and  (p^^\a)  are  functions  of  the  derivatives  of  A(a),  B{a)  and  C(a) . 


(15) 
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V.  COMPUTATIONAL  RESULTS 


Numerical  examples  involving  formulations  for  the  case  of  homogeneous  EM  problems  are  pre¬ 
sented  in  [1 1].  In  this  paper  two  numerical  examples  are  given  to  demonstrate  the  applicability  and  the 
speed-up  achieved  in  case  of  inhomogeneous  EM  problems.  Problems  chosen  here  are  the  extraction 
of  resonance  frequencies  of  inhomogeneous  dielectric  resonators.  For  these  examples,  formulations 
indicated  in  section  n  were  carried  out  in  cylindrical  co-ordinates  and  the  resulting  F(j)  represented 
by  (6)  has  the  form  F(5)  =  C/  +  A . 

Example  1: 


In  this  example  resonant  frequencies  of  an  inhomogeneous  dielectric  resonator  shown  in  Fig.  1  are 
evaluated  using  the  proposed  model-reduction  technique.  This  example  is  reported  in  [12]  with  FEM 
formulation  containing  325  nodes.  Using  a  similar  kind  of  discretization  and  equations  (12)  -  (14),  re¬ 
quired  moments  are  generated  and  the  resonant  frequencies  are  extracted  using  the  CFH  algorithm.  In 
Table  1,  accuracy  comparison  of  resonant  frequencies  obtained  using  the  proposed  model-reduction 
techmque  and  the  conventional  FEM  frequency-domain  (FEMFD)  approaches  are  given  and  as  seen 
they  match  accurately.  Also,  the  accuracy  of  resonant  frequencies  obtained  using  the  proposed  tech¬ 
nique  are  compared  with  one  reported  in  [12]  and  they  agree  reasonably.  Speed-up  achieved  using  the 
proposed  technique  compared  to  FEMFD  is  given  in  Table  2. 


L  =  5mm  —  15mm 
R  =  5mm  R  =  0.635mm 
=100  Ej  =  9.6 

Normalized  parameters: 
e„  =  e/tR  =  0.096 
=  t/R  =  0.127 
=  R^/R  ~  1.5 
=  L/R  =  1.5 
//„  =  H/R 

fn  = 


Fig.  1.  Cross-section  of  an  inhomogeneous  dielectric  resonator 


Table  1.  Accuracy  comparison  of 
resonant  frequencies  (325  nodes) 


Table  2.  CPU  comparison  (SUN  Sparc  10) 


304  X  304  060  Ot  490  210 

313x313  ~0?^  2.58  4540  m 

^x313  1.00  3.28  570  ^  176 

326  X  326  Od  3!35  7007  ^ 


Example  2: 

This  example  consisting  of  an  inhomogeneous  dielectric  resonator  (Fig.  2)  [13]  is  chosen  for  the 
purpose  of  demonstrating  the  accuracy  and  CPU  speed-up  of  the  proposed  model-reduction  technique. 
The  configuration  consists  of  a  cylindrical  high-dielectric  constant  material  (region  3)  positioned  be¬ 
tween  three  layers  of  different  dielectrics.  The  structure  is  analyzed  using  the  proposed  technique  and 
the  resonant  frequencies  are  evaluated.  Table  3  and  Fig.  3  give  the  CPU/accuracy  comparison  of  the 
proposed  technique  with  the  conventional  FEMFD  approach.  As  seen  the  results  match  accurately 
while  the  proposed  technique  yields  a  very  high-speed  up  (approximately  200).  Also  accuracy  of  the 
results  from  the  proposed  technique  are  compared  with  the  results  reported  in  [  1 3]  and  they  agree  rea¬ 
sonably. 
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Fig.  2,  Cross-section  of  the  resonator  for  example  2 


Fig.  3.  Resonant  frequencies  for  various 


Table  3.  CPU  comparison  (SUN  Sparc  10) 


Matrix 

Proposed 

FEMFD 

Speed- 

No.  of 

Size 

method  (secs) 

(secs) 

up  Ratio 

hops 

367  X  367 

B 

943.1 

188 

3 

385  X  385 

mm 

1075.2 

204 

3 

405  X  405 

Ka 

253 

3 

398  X  398 

mm 

5.38 

1099.0 

204 

3 

397  X  397 

sa 

5.05 

231 

3 

386x386 

BB 

5.95 

1216.0 

204 

3 

398x398 

mm 

5.70 

1436.5 

252 

3 

383  x383 

KB 

5.10 

1220.5 

239 

3 

404x404 

mm 

5.70 

1106.6 

194 

3 

402  X  402 

mm 

5.45 

1314.2 

241 

3 
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VI.  CONCLUSIONS 


An  efficient  model-reduction  technique  based  on  CFH  and  FEM  for  solution  of  both  homogeneous 
and  inhomogeneous  EM  problems  is  presented  in  this  paper.  Several  electromagnetic  problems  in¬ 
cluding  inhomogeneous  dielectric  resonators  were  analyzed  using  the  proposed  technique  and  a 
speed-up  of  two  orders  of  magnitude  is  achieved  compared  to  conventional  techniques.  Proposed 
model-reduction  technique  yields  both  frequency-  and  time-responses  and  can  be  easily  integrated 
with  conventional  EM  simulators. 
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Transient  Analysis  via  Electromagnetic  Fast-Sweep 
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J.  Eric  Bracken  and  Zoltan  J.  Cendes 
Ansoft  Corporation 
Four  Station  Square,  Suite  660 
Pittsburgh,  PA  15219-1119 

Abstract— paper  presents  an  efficient  method  for  the  computation  of  electromagnetic  transients. 
We  employ  fast  frequency-sweep  methods,  such  as  Asymptotic  Waveform  Evaluation  (AWE)  or  the 
Lanczos-based  ALPS  procedure,  to  determine  the  frequency  response  of  an  electromagnetic  system 
over  a  broad  frequency  band.  Using  a  rational  function  fitting  procedure,  we  compute  a  reduced-order 
model  of  the  system’s  port  parameters.  Next,  an  equivalent  circuit  model  is  formed.  A  circuit  simulator 
such  as  SPICE  or  SPECTRE  can  then  be  used  to  compute  the  transient  response  of  the  system  in  con¬ 
junction  with  nonlinear  driver  and  load  devices.  We  provide  examples  to  demonstrate  the  accuracy  and 
efficiency  of  this  technique. 

1  Introduction 

Electromagnetic  transients  are  often  computed  by  using  time-stepping  methods  in  the  space  domain 
using  the  FDTD  or  similar  algorithms[l].  In  this  approach,  the  geometry  of  the  structure  is  represented 
by  thousands  of  grid  points  and  the  electromagnetic  field  at  each  point  is  computed  at  thousands  of  tiny 
(e.g.  picoseconds)  time  steps  directly  from  Maxwell’s  equations. 

This  paper  presents  a  efficient  alternative  to  this  computation-intensive  approach.  We  use  fast-sweep 
methods  such  as  AWE[2][3]  or  ALPS[4]  to  determine  the  frequency  response  of  an  electromagnetic 
system  over  a  broad  bandwidth.  This  information  is  used  to  compute  a  reduced-order  model  of  the 
transfer  function  of.  the  system;  then  an  equivalent  circuit  is  derived  from  this  reduced-order  model. 
This  equivalent  circuit  is  subsequently  used  in  circuit  analysis  to  determine  the  transient  response  of  the 
system  using  circuit  simulators  such  as  SPICE[5][6]  or  SPECTRE  [7]. 

There  are  several  advantages  to  the  new  approach.  First,  the  electromagnetic  field  is  computed  only 
once.  Electromagnetic  fields  in  many  systems  are  linear  and  are  completely  characterized  by  a  few 
dozen  parameters  derived  by  using  linear  analysis.  Second,  the  electromagnetic  analysis  may  be  per¬ 
formed  by  using  either  differential  or  integral  equation  methods.  In  this  paper,  we  employ  both  finite 
element  analysis  and  boundary  element  analysis  to  perform  the  frequency  domain  electromagnetic  field 
computation.  Third,  the  time-domain  solution  is  computed  in  the  circuit  domain.  This  means  that  the 
transient  simulation  is  very  fast  and  memory  efficient  since  it  is  based  on  reduced-order  models  involv¬ 
ing  only  a  few  dozen  parameters.  Fourth,  the  resulting  electromagnetic  model  is  readily  combined  with 
external  sources  and  loads.  Since  both  the  electromagnetic  fields  and  the  external  sources  and  loads  are 
represented  by  circuit  elements,  they  are  analyzed  simultaneously  in  the  circuit  simulator.  And  fifth,  it 
is  very  easy  to  use  these  reduced-order  models  in  what-if  design  variations.  Since  the  electromagnetics 
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is  done  once  and  for  all,  it  is  possible  to  pass  these  detailed  models  on  to  design  groups  working  at  the 
system  level.  The  new  transient/fast  sweep  procedure  has  been  implemented  in  Ansoft’s  High-Fre¬ 
quency  Structure  Simulator  (HFSS).  This  paper  will  illustrate  the  theory  with  solutions  from  micro- 
wave  circuit  design  obtained  by  using  this  technique. 

2  Fast  Frequency  Sweep  Techniques  for  Electromagnetics 

Numerical  solutions  of  Maxwell’s  equations  typically  involve  a  discretization  process  which  reduces 
the  field  problem  to  a  matrix  equation  of  the  form 

A(5)x(5)  =  b(s).  (1) 

Here,  x(5)  is  a  vector  consisting  of  the  desired  solution  quantities  (for  example,  electric  fields  or  current 
densities),  b(s)  is  a  vector  containing  the  contributions  of  applied  sources,  and  A(j)  is  a  square  matrix 
formed  by  stamping  in  the  various  finite  element  or  integral  equation  contributions.  Since  A  and  b  are 
frequency-dependent  quantities,  it  is  necessary  to  repeat  the  solution  of  (1)  for  every  frequency  point 
desired.  This  process  is  obviously  expensive  if  a  large  number  of  frequency  points  is  required. 

Fast  frequency  sweep  methods  attempt  to  accelerate  the  procedure  by  breaking  apart  the  operator  A{s) 
into  more  manageable  pieces.  In  the  simplest  lossless  cases,  it  is  possible  to  rewrite  A{s)  as 

A(j)  =  A0  +  5-A2 

where  Aq  and  A2  are  frequency-independent  matrices.  In  this  case,  it  is  possible  to  solve  (1)  using  a 
series  expansion  technique;  we  represent  x(s)  and  b{s)  by  their  Taylor  series,  and  then  use  (2)  to  deter¬ 
mine  the  coefficients  of  the  series  for  x(s) .  For  a  direct-method  equation  solver,  it  is  possible  to  show 
that  only  a  single  computation-intensive  LU  factorization  is  required  to  determine  all  of  the  series  coef¬ 
ficients,  as  opposed  to  one  per  frequency  point  in  the  conventional  approach.  This  is  the  core  idea 
behind  the  asymptotic  waveform  evaluation  (AWE)  technique  [3]. 

Once  the  Taylor  series’  coefficients  have  been  found,  it  is  possible  to  derive  a  low-order  model  for  the 
response  using  Fade  approximation  techniques[8].  A  Fade  approximation  represents  the  desired 
response  f{s)  as  a  rational  function: 

/Ur  (3) 

tto  +  aj5  -h  a2J^  +  ...  + 

An  approximation  accurate  over  a  broad  frequency  band  can  often  be  determined  with  just  10-20  terms 
of  the  Taylor  series  expansion.  Once  we  have  a  formula  such  as  (3),  characterized  in  terms  of  just  a  few 
parameters  a  and  j3 ,  it  is  a  simple  matter  to  evaluate  the  frequency  response  by  substituting  a  particular 
value  of  s . 
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A  more  numerically  stable  procedure  than  AWE  is  the  Pade-via-Lanczos,  or  PVL  procedure [9].  With 
either  AWE  or  PVL,  the  fast  sweep  procedure  may  easily  be  10-1000  times  faster  than  the  conventional 
“discrete”  frequency  sweep  technique.  The  amount  of  speed-up  depends  upon  the  desired  number  of 
frequency  points. 

In  the  more  general  case  of  lossy  problems,  a  splitting  such  as  (2)  is  still  possible,  but  unfortunately  the 
matrices  Aq  and  A 2  depend  upon  frequency.  The  Pade  approximation  can  still  be  computed  in  the 

vicinity  of  a  particular  frequency  point,  but  the  band  of  validity  is  more  limited.  In  this  case,  it  is  neces¬ 
sary  to  use  a  few  (perhaps  5)  frequency  expansion  points  and  to  merge  the  results  using  an  adaptive  pro¬ 
cedure  such  as  the  ALPS  algorithm[4]. 

To  summarize,  various  computationally  efficient  procedures  exist  to  compute  rational  function  models 
such  as  (3)  which  are  valid  in  a  piece-wise  fashion  over  different  sections  of  the  frequency  band  of 
interest.  When  taken  together,  these  models  will  cover  the  entire  band  and  permit  the  rapid  evaluation  of 
the  frequency  response  at  any  point  within  the  band. 

3  Reduced  Order  Modeling 

Given  a  frequency  response  f{s) ,  it  is  desirable  to  create  a  single  rational  function  model  valid  over  the 
entire  frequency  band  of  interest.  If  this  can  be  achieved,  then  it  is  a  simple  matter  to  determine  the  time 
domain  response  of  the  system.  The  first  step  is  to  determine  the  q  poles  of  the  rational  function,  and 
then  represent  the  frequency  response  in  pole-residue  form  as 


k2 

k  -i-  — 1—  +  — £_ 
5-Pi  S-P2 


-f- 


(4) 


It  is  then  trivial  to  carry  out  the  inverse  Laplace  transform  of  the  function  to  find  the  time  response.  In 
order  to  compute  a  model  such  as  (4),  we  use  a  procedure  based  upon  rational  function  interpolation, 
pole  pruning  and  least  squares  fitting.  The  initial  “unconstrained”  rational  function  interpolation  proce¬ 
dure!  10]  is  carried  out  in  order  to  find  a  model  that  passes  through  the  computed  data  at  a  set  of  equally 
spaced  points  along  the  line  s  =  jo.  To  choose  the  interpolant’s  order,  we  start  with  a  small  number  of 
interpolation  points  and  then  increase  the  number  of  points  until  an  acceptably  accurate  fit  is  achieved 
between  the  interpolation  points. 


The  unconstrained  interpolation  procedure  may  produce  nonphysical,  unstable  right  half-plane  poles.  In 
the  pole  pruning  stage,  these  poles  are  eliminated  from  the  model.  This  makes  the  model  stable,  but 
introduces  additional  approximation  errors.  To  minimize  these  errors,  a  final  least  squares  fitting  proce¬ 
dure  is  used  to  adjust  the  residues  {k-}  of  the  remaining  poles.  Typically,  we  find  that  a  maximum  error 
of  about  1  %  is  achievable  with  5-30  poles. 

4  Modeling  Electromagnetic  Structures  in  a  Circuit  Simulator 

In  order  to  carry  out  simulation  of  complete  digital  or  microwave  circuits,  it  is  desirable  to  include  both 
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the  electromagnetic  effects  of  interconnects  as  well  as  the  nonlinear  effects  of  transistors  and  diodes. 
Thus,  we  wish  to  incorporate  the  reduced-order  models  we  derive  within  circuit  simulation  packaps 
such  as  SPICE  and  Spectre.  The  main  challenge  in  doing  this  is  translating  between  the  scatienng 
parameter  models  of  high-frequency  electromagnetics  and  the  circuit  models  of  SPICE.  The  problem  is 
illustrated  in  Figure  1. 


Figure  1 .  Three-dimensional  “black  box”  fed  by 
two  triaxial  cables. 


Figure  2.  A  circuit  interpretation  of  the  current 
scattering  relationship  in  (8). 


This  figure  depicts  a  three-dimensional  structure  (contained  inside  a  “black  box”)  which  we  wish  to 
characterize  via  electromagnetic  analysis.  The  structure  has  two  “feeds,  each  consisting  of  a  pair  o 
wires  within  a  shield.  Each  feed  will  support  two  quasi-TEM  modes  of  propagation,  as  well  as  higher- 
order  modes.  Microwave  circuit  theory  conventionally  defines  each  mode  as  a  “port”  into  the  structure; 
scattering  parameter  matrices  represent  the  relationship  between  the  incident  and  reflected  powers  of 
these  modes.  In  order  to  communicate  with  a  circuit  simulator,  we  must  develop  a  relationship  between 
the  modal  fields  and  certain  “voltage”  and  “current”  signals.  In  circuit  theory,  the  voltages  are  typically 
defined  as  potential  differences  between  each  signal  conductor  and  a  “ground”  conductor. 

Formally,  a  voltage  is  the  integral  of  the  transverse  electric  field  E,  over  an  open  path  C^. 


If  the  transverse  electric  field  can  be  represented  in  terms  of  incident  and  reflected  modes,  with  intensi¬ 
ties  and  ,  respectively,  then  we  have 

n  n 


Therefore,  in  terms  of  modal  intensities,  the  voltage  becomes 

n  n 
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where  =  -  J  T^{x,  y)  ■  dl  is  an  integral  of  the  modal  electric  field. 

Collecting  all  of  the  voltages  and  wave  intensities  together  as  vectors,  the  relationship  becomes 
V  =  T{a  +  b) 

where  T  =  is  a  square  matrix  (4x4  for  Figure  1)  defining  the  transformation  from  mode  intensi¬ 

ties  to  port  voltages.  We  need  another  such  transformation  to  compute  the  port  currents;  this  can  be 
derived  from  (6)  by  enforcing  energy  conservation  between  the  circuit  and  electromagnetic  models. 
Then  it  is  possible  to  derive  a  “pseudo-scattering”  matrix  5^  relating  incident  and  reflected  pseudo¬ 
waves.  We  define  the  pseudo-wave  intensities  in  terms  of  circuit  quantities: 


~  2^^ref  ^  '^ref 


Then  we  have  a  simple  relationship:  . 

5  Implementation  of  Reduced  Order  Models  in  a  Circuit  Simulator 


(7) 


Using  (7),  we  can  rewrite  the  relationship  bp  =  SpOp  in  terms  of  voltages  and  currents: 

I'refV -  ^  +  0  where  S,  =  Z' .  (8) 

We  introduce  =  Z“5-  as  well  as  the  current-scattering  matrix  Sj.  The  advantage  of  (8)  is  that  it 

lends  itself  to  direct  implementation  in  a  circuit  simulator.  An  equivalent  circuit  model  for  this  relation¬ 
ship  is  shown  in  Figure  2.  The  overall  procedure  for  producing  the  equivalent  circuit  is  now  summa¬ 
rized: 

1.  Run  an  electromagnetic  analysis  on  the  structure  of  interest,  using  fast-sweep  methods  to  find  the 
modal  scattering  parameter  matrix  S  over  a  broad  frequency  band. 

2.  Determine  the  transformation  matrix  T  from  the  modal  field  patterns  at  the  ports. 

3.  Compute  the  pseudo-scattering  matrix  Sp  and  then  convert  it  into  a  current-scattering  matrix  Sj . 

4.  Perform  reduced-order  modeling  on  the  entries  of  the  current-scattering  matrix. 

5.  Write  out  the  reduced-order  models  as  frequency-dependent  controlled  sources  in  the  form  of  a  cir¬ 
cuit  deck  for  SPICE  or  Spectre. 
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6  Examples 


The  first  example  is  a  low-pass  filter  (Figure  3a).  This  was  analyzed  using  Strata™,  a  full-wave  bound¬ 
ary  element  code  with  ALPS-based  fast  frequency  sweep.  The  computed  scattering  parameters  were 
modeled  with  rational  functions  of  16-18  poles.  A  comparison  of  the  sweep  results  with  the  reduced- 


Comparison;  Magnitude  of  S„ 

Strata"*  vs.  Reduced-Order  MoOei 


i!o  To  i!o  To  io.o 

Frequency  (GHz) 


Figure  3.  (a)  Chebyshev  3rd-order  low-pass  filter  structure;  and  (b)  comparison  of  Strata’s  fre¬ 

quency  response  (computed  by  fast  sweep)  and  the  reduced-order  model. 

order  model  is  shown  in  Figure  3(b). 


A  2-port  equivalent  circuit  model  for  the  structure  was  then  generated;  this  was  connected  to  a  nonlin¬ 
ear  MOS  inverter  driver.  The  transmitted  and  reflected  pulses  from  a  transient  simulation  are  shown 
below  in  Figure  4. 


Figure  4.  Transient  simulation  results  from  HSPICE  analysis  of  the  combined  MOS  driver  and 
reduced  order  model. 


The  second  example  (Figure  5a)  is  taken  from  printed  circuit  board  design.  It  consists  of  two  symmetri¬ 
cal  wires  used  in  a  differential  signalling  scheme;  the  wires  make  a  90°  bend,  which  includes  a  transi¬ 
tion  from  an  x  -routing  layer  to  a  y  -layer  through  a  pair  of  vias.  There  are  ground  planes  above  and 
below  the  structure.  We  wish  to  investigate  the  crosstalk  between  the  undesired  common  mode  (even 
mode)  of  propagation  and  the  signal-carrying  differential  mode  (odd  mode).  The  structure  was  analyzed 


in  Ansoft  HFSS  using  both  a  standard  discrete  frequency  sweep  and  fast  frequency  sweep  techniques, 
the  modal  S-parameters  were  converted  into  circuit-based  parameters  for  even  and  odd  modes  and  then 


Figure  5.  (a)  3-d  printed  circuit  board  structure  including  vias  and  90-degree  bend;  and  (b)  the  sim¬ 

ulated  far-end  crosstalk  response  between  odd  and  even  modes. 


fitted  by  reduced  order  models.  The  point-by-point  frequency  sweep  (100  points)  took  2.5  hours  of 
CPU  time  on  a  DEC  Alpha  3000/800  workstation,  while  the  fast  frequency  sweep  took  less  than  0.2 
CPU-hours.  Plots  of  the  near  and  far  end  crosstalk  magnitudes  are  shown  as  a  function  of  frequency  in 
Figure  5b.  In  addition,  we  have  computed  the  time-domain  crosstalk  waveforms  for  the  structure, 
assuming  that  input  pulses  with  0.1ns  rise  times  drive  the  even  and  odd  modes.  Plots  of  these  wave¬ 
forms  are  given  in  Figure  6a.  This  information  could  be  used  to  create  “design  rules”  for  the  maximum 
number  of  right-angle  bends  allowed  for  a  certain  maximum  crosstalk. 


Near  and  Far  End  Crosstalk  Wavetorms  N«ar  and  Far  End  Differential  Signal  Voltages 


Figure  6.  (a)  Time-domain  crosstalk  waveforms  at  the  input  (near)  and  output  (far)  ports;  and  (b) 

time-domain  differential  signal  waveforms  at  the  near  and  far  ends. 


Also  shown  (Figure  6b)  are  the  signal  waveforms  at  the  near  and  far  ends.  Notice  that  the  waveforms 
predict  a  delay  of  approximately  0.1ns  from  input  to  output.  This  is  consistent  with  the  relative  dielec¬ 
tric  constant  (£  =  4,  leading  to  a  velocity  of  1,5x10^ m/s)  and  the  total  distance  travelled  (about 
16mm.) 
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7  Conclusions 


Fast  frequency  sweep  methods  provide  a  powerful  tool  for  characterizing  the  electromagnetic  behavior 
of  structures  that  are  intended  to  operate  over  a  broad  frequency  band,  or  whose  time-domain  character¬ 
istics  are  important.  Reduced-order  models  can  be  generated  with  a  low  additional  cost.  These  models 
are  very  useful  for  circuit  simulation,  which  can  be  used  to  explore  the  time-domain  behavior  of  a  sys¬ 
tem  that  includes  both  electromagnetic  structures  and  nonlinear  device  models.  We  have  presented  sev¬ 
eral  examples  to  demonstrate  the  usefulness  of  this  technique. 
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Abstract 

This  paper  describes  a  computer  simulation  of  a  shipboard  high 
frequency  direction  finding  system  which  was  developed  to  study  the 
effect  of  ship  topside  reconfiguration  on  DF  system  accuracy. 
Numerical  models  of  DD963  Spruance  Class  destroyers  in  two  different 
configurations  were  developed.  The  numerical  models  were  then 
calibrated  by  computing  the  responses  of  the  DF  antennas  as  a  function 
of  azimuth-  The  numerical  calibration  data  were  used  to^  study  the 
effect  of  topside  changes  on  the  performance  of  the  direction  finding 
system.  Numerical  results  were  validated  using  experimental 
calibration  data.  The  overall  objective  of  the  investigation  was  to 
determine  the  feasibility  of  using  a  computer  simulation  as  a  ship 
recalibration  decision  support  system. 

I.  Introduction 

A  computer  simulation  of  a  shipboard  correlation  interferometry 
direction  finding  (CIDF)  system  for  the  high  frequency  (HF)  band  has 
been  developed  as  shown  in  Figure  1.  The  simulation  utilizes  a  module 
which  implements  the  CIDF  algorithm  [1]  and  will  correlate  DF  antenna 
responses  for  a  signal  of  interest  (SOI)  with  calibration  data  to 
derive  an  estimate  of  the  angle  of  arrival  of  the  SOI.  As  illustrated 
in  Figure  1,  this  can  be  accomplished  using  data  obtained  from 
numerical  ship  models,  scale  ship  models,  or  real  ships.  The  use  of 
numerical  models  to  compute  DF  antenna  responses  as  well  as  the 
comparison  of  numerical  data  with  data  from  measurements  on  scale 
models  was  presented  previously  [2],  [3].  It  was  shown  that  numerical 
and  experimental  DF  antenna  responses  were  in  good  agreement  at  1.85, 
6.34,  and  9.25  MHz, 

Two  configurations  of  the  DD963  were  investigated;  one  in  which 
the  ship  was  configured  with  an  anti-submarine  rocket  (ASROC)  launcher 
as  shown  in  Figure  2a,  and  one  in  which  the  ASROC  launcher  was  removed 
and  replaced  with  a  vertical  launch  system  (VLS)  as  shown  in  Figure  2b. 
The  VLS  has  a  much  lower  profile  than  the  ASROC  launcher  and  it  can  be 
anticipated  that  the  difference  in  coupling  to  the  DF  antennas  will 
affect  their  responses,  and  therefore  the  performance  of  the  DF  system- 
Experimental  data  for  validation  of  numerical  results  was  obtained 
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using  the  l/48th  scale  brass  model  ship  shown  in  Figure  3, 

Recently,  DF  antenna  responses  were  computed  at  a  fourth 
frequency,  20.075  MHz.  Also,  both  numerical  and  experimental  data  for 
the  VLS  configuration  of  the  DD963  were  cross-correlated  with  data  for 
the  ASROC  configuration  and  bearing  error  was  computed  at  all  four 
frequencies.  This  cross-correlation  simulated  the  effect  of 
calibrating  the  ship  in  the  ASROC  configuration,  and  then  using  the 
calibration  data  to  estimate  arrival  angles  for  signals  received  in  the 
VLS  configuration.  The  primary  purpose  of  this  paper  is  to  present 
these  correlation  and  bearing  error  results. 

n.  DF  Antenna  Responses 

DF  antenna  responses  for  1.85,  6.34,  and  9.25  MHz  were  previously 
reported  [2].  Numerical  and  experimental  data  for  these  frequencies 
were  in  good  agreement,  although  results  for  9.25  MHz  were  not  as 
satisfying  as  those  at  1.85  and  6.34  MHz.  Figure  4a  shows  the 
numerical  patterns  for  DF  antennas  P-3  and  S-3  at  20.075  MHz.  These 
antennas  are  mounted  on  the  deckhouse  and  angled  about  20  degrees  to 
port  and  starboard,  respectively.  Figure  4b  shows  the  experimental 
patterns  for  these  same  antennas.  The  experimental  patterns  were 
obtained  using  the  l/48th  scale  brass  model  of  the  ship  which  is  shown 
in  Figure  3.  Both  the  numerical  and  experimental  patterns  show  these 
antennas  have  maximum  response  about  40  degrees  off  the  bow  (bow  is  0 
degrees) .  The  experimental  results,  however,  show  a  much  lower 
response  in  the  opposite  direction  than  predicted  numerically.  It 
should  be  noted  that  experimentally,  azimuth  is  plotted  clockwise  from 
the  bow  according  to  nautical  convention  (Figure  4b)  while  numerically, 
azimuth  is  plotted  counter-clockwise  from  the  bow  according  to 
mathematical  convention  (Figure  4a) . 

Numerical  and  experimental  results  for  antennas  P-12  and  S-12  are 
shown  in  Figures  5a  and  5b,  respectively.  These  antennas  are  mounted 
on  the  stern  of  the  ship,  looking  aft.  Figure  5b  shows  that 
experimentally,  the  maximum  response  is  aft,  as  would  be  expected  at 
20.075  MHz.  Response  in  the  bow  sector  is  down  10-30  dB.  Figure  5a 
shows  the  numerical  patterns  are  in  poor  agreement. 

Computations  of  DF  antenna  response  at  20.075  MHz  using  the 
existing  numerical  models  have  not  yielded  satisfactory  results.  The 
existing  models  have  several  openings  in  the  side  of  the  hull,  between 
the  deck  and  the  waterline,  which  are  on  the  order  of  1  wavelength  in 
width  and  1/2  wavelength  in  height  at  20  MHz.  Also,  the  space  inside 
the  hull  (excluding  bow)  is  about  1/2x1  wavelength  at  20  MHz  and  is 
therefore  capable  of  supporting  waveguide  modes .  .  It  appears  that  the 
openings  in  the  hull  permit  incident  plane  waves  to  excite  fields 
inside  the  hull,  and  that  these  fields  corrupt  the  DF  antenna  responses 
at  the  higher  frequencies.  Current  plans  are  to  upgrade  the  numerical 
models. 


in.  Correlation  and  Bearing  Error 

DF  antenna  responses  for  the  VLS  configuration  were  cross- 
correlated  with  the  DF  antenna  responses  for  the  ASROC  configuration 
to  determine  the  error  in  bearing  estimate  caused  by  the  change  in 
configuration.  Figures  6a  and  6b  show  the  cross-correlation  surfaces 
obtained  using  1.85  MHz  numerical  and  experimental  data,  respectively. 
In  these  figures,  the  vertical  axis  gives  the  magnitude  of  the  complex 
correlation  coefficient  (0-1)  .  The  axis  receeding  into  the  figure 
gives  the  angle  of  arrival  (0-3  60,  or  bow-stern-bow)  for  the  signal  of 
interest  received  in  the  VLS  configuration.  The  remaining  axis  gives 
the  difference  (-180  -  +180)  between  the  angle  of  arrival  of  the  SOI 
and  the  arrival  angle  of  the  signal  from  the  database  for  the  ASROC 
configuration.  It  can  be  seen  that  the  numerical  and  experimental 
surfaces  are  very  nearly  the  same.  Both  show  a  well  defined  central 
ridge  and  low  sidelobes,  indicating  that  bearing  estimates  should  be 
reasonably  accurate. 

A  cut  through  the  cross  correlation  surface  gives  the  cross¬ 
correlation  curve  for  a  specific  angle  of  arrival.  This  curve  gives 
the  response  of  the  DF  array,  and  when  plotted  in  a  polar  format,  looks 
much  like  an  antenna  pattern.  Figures  7a  and  7b  show  such  a  plot  for 
1.85  MHz  signal  with  an  arrival  angle  of  232  degrees,  as  indicated  by 
the  cursor.  The  numerical  and  experimental  results  are  in  good 
agreement . 

Lastly,  Figures  8a  and  8b  show  the  bearing  error  (bearing  estimate 
-  actual  bearing)  as  a  function  of  azimuth  at  1.85  MHz.  Again, 
numerical  and  experimental  results  are  in  reasonable  agreement. 

Another  measure  of  DF  system  performance  is  RMS  bearing  error 
(root  mean  squared  bearing  error  averaged  over  all  azimuths)  at  a  given 
frequency.  Table  1  shows  the  numerical  and  experimental  RMS  bearing 
error  predicted  by  the  simulation  at  all  four  frequencies  investigated. 
It  is  interesting  that  this  integrated  performance  measure  show  good 
agreement  between  numerical  and  experimental  data  even  though  the 
agreement  between  the  numerical  and  experimental  DF  antenna  responses 
deteriorates  with  increasing  frequency. 


Table  1.  RMS  Bearing  Error 
Predicted  by  Simulation 


Frequency  (MHz) 

1.85 

6.34 

9.25 

20.075 

Numerical  Bearing 
Error  in  Degrees 

1.11 

0.86 

2.80 

7.38 

Exp'tal  Bearing 
Error  in  Degrees 

1.20 

0.39 

1.51 

6.20 
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IV.  Conclusions 

comparison  of  results  predicted  by  this  simulation  using  numerical 
and  experimental  data  show  that  DF  antenna  responses  (amplitude  and 
phase)  are  in  good  agreement  at  the  low  end  of  the  HF  band  but  do  not 
agree  well  at  the  high  end  of  the  band.  The  same  statement  is  true  for 
cross-correlation  and  bearing  error  curves.  Numerical  and  experimental 
values  of  RMS  bearing  error  agree  quite  well  at  all  four  frequencies 
investigated,  however.  It  is  believed  that  the  degradataion  of 
numerical  results,  particularly  above  10  MHz,  is  due  to  the  fact  that 
the  numerical  models  do  not  meet  modeling  guidelines  at  the  hi^er 
frequencies.  It  is  anticipated  that  additional  work  on  the  numerical 
models  would  correct  this  problem. 

This  simulation,  in  which  computational  electromagnetics  plays  a 
key  role,  has  yielded  results  which  show  that  such  an  approach  could 
eventually  be  used  to  construct  a  ship  recalibration  decision  support 
system.  It  has  also  highlighted  areas  which  require  additional  work 
if  such  a  simulation  were  to  be  cost  effective  and  used  routinely. 
These  include  (1)  generation  of  numerical  models  from  ship  CAD  files, 
(2)  parallelization  of  CEM  codes  to  decrease  computation  time,  (3) 
comparison  of  the  performance  of  CEM  codes  (NEC  and  PATCH,  for 
example) ,  (4)  development  of  CEM  code  pre/post  processors  with 
capabilities  which  simplify  editing,  visualization  and  display  of 
results  for  large  files. 
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Figure  1.  ^  Block  diagram  for  computer  simulation  of  shipboard 

correlation  interferometery  direction  finding  (CIDF)  system. 


Figure  2b,  Visualization  of  bow  area  of  DD963  Spruance  Class  destroyer 
configured  with  vertical  launch  system  (VLS) .  DF  loop  antenna  pairs 
P-1,  S-1,  through  P-5,  S-5  (fore-aft)  can  be  seen. 


Figure  3.  Photograph  of  brass  model  of  DD963  Spruance  Class  destroyer, 
VLS  configuration.  Scale  is  l/48th. 


Figure  7a.  Numerical  curve  of  correlation  vs.  azimuth,  VLS  vs.  ASROC 
configuration  of  DD963.  Signal  arrival  angle  is  232  degrees,  signal 
frequenc'^  ■»<=  o''  mm-? 


Figure  7b,  Experimental  curve  of  correlation  vs.  azimuth,  VLS  vs. 
ASROC  configuration  of  DD963.  Signal  arrival  angle  is  232  degrees, 
signal  frequency  is  1.85  MHz. 
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Abstract 


The  near  electric  and  magnetic  fields  of  die  High  Frequency  Active  Aurora  Research  Ptogr^ 

indiccited  ihot  die  use  of  o  ground  screen  consisting  of  o  lorge  j  ♦,*  *  tu  rmrnhigr  /if 

introduced  only  small  errors  into  the  calculation  and  led  to  a  significant  ^  ^  ^  j 

segments  incited  in  die  model  This  permitted  the  modeling  of  this  large  complex  stmcture  using 
Features  of  the  calculated  near  fields,  including  those  introduced  by 
^modeling  the  full  three  by  six  array  in  place  of  a  previous  model  which  consisted  of  a  ^ 

^be  reviewed  and  wUl  be  compared  to  NEC4 

HAARP  site  Preliminary  measurements  at  the  site  have  indicated  good  agreernent  with 
^^ta^ris.  The  7JZ7lated  and  measured  RMS  near  fields,  scaled  to  the 

pZZer,  are  shown  to  satisfy  the  IEEE  safety  standards  for  maximum  permissible  exposure  to  RF 
electromagnetic  fields  as  specified  in  IEEE  C  95.1-1991 


Introduction 

A  high  performance  scientific  observatory  is  tog  constructed  in 

Frequency  /lavVAuroral  Research  Program  (HAARP).  ’Hie  P™“y  ?Ltnh^Tte 

and  investigate  the  fundamental  physical  processes  occurring  within  the  earth  s 

facility  wtifconsist  of  a  high  power  radio  frequency  transmitter  and  mtenim  amy,  ^ 

Sn^  (HF)  band,  wHch  wtil  be  used  to  perturb  or  he^  a  sm^  locahz^  re^on  of  ionosphere 

abwe  the  HA>^  facility.  A  diverse  suite  of  sensitive  momtonng  insmments  l^ted  ^or 

^  te  uS^observe  ionospheric  processes  occurring  either  both  natural  condiuons  and  when 

B^^frSw^ex^rie^rat  other  ionospheric  research  faciliti^ 
and  antenna  array  has  been  designed  to  be  capable  of  generatmg  a  power  density  of  approximately  1  3 

microwatts  per  square  centimeter  (nW/cm2)  in  the  ionospheric  layers  ^ve 

SS^Sding  (1)  the  abUity  to  form  a  nanow  beam  that  can  be  tailto  m  “ 

azimuth  and  elevatiOT  angle,  (2)  the  abifity  to  divide  the  array  *°  ^  ® 

reduced  cost  associated  with  using  lower  power  radio  frequency  (RF)  power  components. 

- Work  performed  under  the  HAARP  project  jointly  managed  by  the  Uttice  of  Naval  Research 

and  the  Air  Force  Phillips  Laboratory. 
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One  of  the  major  concerns  for  any  high  power  transmitting  facility  is  the  generation  of  high 
electromagnetic  (EM)  field  strengths  in  the  vicinity  of  the  antenna  array.  The  HAARP  antenna  system 
architecture  minimizes  electromagnetic  fields  on  the  ground  while  achieving  the  scientific  goals  for  ERP, 
through  the  use  of  a  large  array  of  relatively  low  power  transmitters.  Even  though  the  aggregate  power 
produced  by  the  HAARP  array  is  large,  at  any  given  point  on  the  ground  near  the  antenna  array,  tihe  net 
electric  (or  magnetic)  field  is  dominated  only  by  the  closest  antenna  elements. 

At  its  current  phase  of  completion,  the  Developmental  Prototype  (DP)  HAARP  antenna  array 
consists  of  48  antenna  elements  arranged  as  eight  rows  by  six  columns.  Transmitters  are  connected  to  a 
smaller  portion  of  this  array  consisting  of  six  rows  by  three  columns  for  a  total  of  18  active  elements.  The 
purpose  of  the  DP  is  to  validate  the  engineering  design  of  the  array  at  a  scale  that  is  both  realistic  from  a 
performance  perspective  while  small  enough  that  changes  can  be  made  to  the  design  at  relatively  low  cost 

This  report  describes  studies  that  have  been  completed  using  the  Numeric^  Electromagnetic  Code 
(NEC)  [ULNL,  1992]  to  predict  the  electromagnetic  fields  around  and  under  the  HAARP  DP  anteima 
array.  Tfie  crossed  dipole  antenna  elements  employed  in  the  HAARP  array  achieve  a  broad  frequency 
response  through  a  wire  frame,  polyhedral  shape.  Additional  metallic  elements  in  the  array  including 
supporting  towers,  a  segmented  ground  screen  and  supporting  piles  has  led  to  the  development  of  a 
sophisticated  numerical  model. 

The  DP  array  represents  the  first  opportunity  to  compare  predicted  array  performance  with 
measurements.  The  NEC  predictions  have  b^n  verified  during  recent  testing  periods  at  the  site  of  the 
HAARP  observatory  in  Alaska  and  results  have  not  only  confirmed  the  accuracy  of  the  antenna  model 
but  have  also  shown  that  the  array  will  be  capable  of  meeting  scientific  research  requirements  while 
maintaining  a  safe  level  of  field  in  Ae  areas  around  the  site. 

NEC  Modeling 

Model  Description 

The  NEC  model  used  in  most  of  the  calculations  described  here  consisted  of  eighteen  crossed 
dipole  elements  radiating  10  kW  each  suspended  thirty  feet  above  a  ground  screen  which  was  in  turn 
located  fifteen  feet  above  an  imperfect  earth.  The  earth  was  modeled  as  a  infinite  half-space  through  the 
use  of  the  Sommerfeld  ground  option  included  in  NEC,  using  values  of  conductivity  and  permitivity 
measured  in  the  Gulkana  and  Tok  region.  Since  the  interest  in  this  study  is  in  terms  of  worst-case 
conditions,  wet  earth  values  were  used.  The  ground  screen  consisted  of  an  interlocking  series  of 
horizontal  wires,  with  an  inter-wire  spacing  of  120  inches.  Two  sets  of  towers  were  also  included  in  the 
modeL  The  full  height  towers  were  centered  on  each  dipole,  with  electrically  shorted  gaps  to 
accommodate  the  sources,  while  stub  towers  were  used  on  the  perimeter  of  the  ground  screen.  All  towers 
were  wired  into  the  ground  screen,  and  extend  twenty  feet  below  the  surface  of  Sie  earth.  This  model  was 
excited  by  driving  balanced  currents  on  source  segments  for  each  element  which  were  connected  through 
a  manifold  to  each  dipole  structure.  This  precluded  any  even  mode  currents  on  the  full  height  towers.  For 
this  reason,  and  to  conserve  computer  memory,  the  full  height  towers  were  not  electrically  connected  to 
the  dipoles.  Any  deviation  from  this  baseline  DP  model  be  noted.  All  calculations  were  performed 
on  a  Hughes  Data  Systems  TAC-3  model  755  99  MHz  computer  capable  of  40  MFLOPS  with  448 
Megabytes  of  RAM. 

Segmentation  Analysis 

The  DP  model  described  above  requires  between  6400  and  6800  wire  segments,  depending  on  the 
frequency  of  interest  Well  over  one  half  of  these  segments  are  part  of  the  ground  screen  and  tower 
structure  rather  than  the  elements  themselves.  Previous  models  exhibited  an  even  greater  disparity 
between  segments  (and  therefore  computer  memory  and  execution  time)  consumed  in  modeling  the 
ground  screen  and  those  used  to  model  the  antenna  structure.  Because  of  this,  it  had  previously  only  been 
possible  to  model  a  two-by-two  version  of  the  DP. 
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The  two-by-two  HAARP  models  used  a  spacing  of  forty  inches  between  the  ground  screen 
wires.  However,  it  was  found  that  the  field  strengths  under  the  screen  were  not  very  sensitive  to  vaiiatioiK 
of  the  ground  screen  spacing.  The  table  below  shows  a  comparison  of  the  maximum  and  mean  electric 
fields  under  the  screen  using  four-element  models  with  spacings  of  40  and  120  inches,  for  cases  of 
broadside  excitation  and  30  degree  pointing  angle. 

Table  1  _ _ _ 


mmn 

Max 

Mean 

pMax 

Mean  | 

167.5 

68.5 

{scanned 

227.3 

60 

It  was  determined  that  the  small  errors  introduced  by  the  increased  screen  spacing  were 
acceptable,  since  enough  segments  were  now  free  to  allow  the  modeling  of  the  entire  DP  at  its  current 
stage  of  development  This  allowed  for  the  study  of  array  effects  on  the  near  field,  such  as  the  location 
and  structure  of  field  nulls. 

Calculated  Near  Field  Features 

Using  the  baseline  model,  electric  fields  strengths  were  calculated  in  the  near  field  region  of  \b& 
array,  at  frequencies  spanning  the  HAARP  transmission  band.  In  all  cases,  the  vertical  electric  field  is  the 
predominate  field  component  that  exists  underneath  the  ground  screen.  This  is  due  in  part  to  tte 
reduction  of  the  horizontal  field  components  by  the  ground  screen  and  the  earth.  The  vertical  field  is  not 
reduced  as  strongly  in  this  manner,  and  so  dominates  the  total  electric  field. 

Figures  1  and  2  are  raster  plots  of  the  calculated  total  electric  field  strength  in  the  region  beneath 
the  ground  screen  and  surrounding  the  HAARP  site.  Two  of  the  salient  features  which  can  be  observed  in 
the  plot  are  the  variation  in  the  azimuthal  gain  due  to  array  effects,  and  the  fact  that  at  no  jwint  does  tte 
field  exceed  the  Maximum  Permissible  Exposures  (MPE)  levels  discussed  in  the  next  s^tion,  and  is  in 
fact  several  orders  of  magnitude  less  than  the  MPE  ^roughout  the  vast  majority  of  the  region. 

Figures  3  and  4  are  line  plots  of  the  calculate  total  electric  field  along  a  Bureau  of  Land 
Management  (BLM)  trail  and  the  Tok  cut-off  highway  which  runs  past  the  HAARP  site.  As  expated,  all 
electric  field  values  are  well  below  the  MPE.  The  Tok  cut-off  highway  plot  is  interesting  in  that  it  clearly 
demonstrates  the  transition  from  the  near-field  to  the  far-field. 

Electromagnetic  Safety  Standards 

One  of  the  primary  purposes  of  the  modeling  analysis  is  to  be  able  to  predict  the  electromagnetic  fields 
not  only  in  the  main  beam  of  the  antenna  pattern  but  also  at  points  on  the  ground  near  the  array  to  ensure 
diat  the  HAARP  facility  can  be  operated  in  a  safe  manner.  Two  organizations  have  developed  standards 
for  safe  levels  of  electromagnetic  field  and  power  density,  C  95.1  -1991  [IEEE,  1992-1]  developed  by  the 
Institute  of  Hectrical  and  Electronic  Engineers  (IEEE)  and  the  American  National  Standards  Institute 
(ANSI)  and  Report  No.  86  [NCRP,  1995],  developed  by  the  National  Council  on  Radiation  Protection 
and  Measurements.  In  the  frequency  range  where  the  HAARP  array  operates,  both  of  these  standards 
define  the  safe  level  of  power  density  for  public  environments  (where  there  is  no  attempt  made  to  restrict 
access)  as  P<j  =  where  P^  is  the  power  density  in  milliwatts  per  square  centimeter  (mw/cm^)  and 

F  is  the  frequency  in  MHz. 

The  maximum  safe  level  of  P^  for  the  frequency  range  2.8  -  10  MHz  ranges  from  22.9  mw/cm^ 

to  1.8  mw/cm2  respectively.  Safe  levels  of  electric  and  magnetic  field  are  also  defined  in  both  standards 
and  are  derived  from  the  level  of  power  density  under  the  assumption  that  the  field  can  be  described  as  a 
plane  wave  and  that  the  electric  and  magnetic  fields  are  related  by  the  intrinsic  impedance  of  free  space. 
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Measurements  Conducted  on  the  HAARP  antenna  array 

Beginning  in  December  1994,  measurements  have  been  made  of  fields  around  the  HAARP  anray 
whenever  transmitting  tests  were  conducted.  Early  measurements  identified  the  need  for  improvements  to 
the  antenna  feed  network  (primarily  the  balun)  and  served  as  motivation  for  developing  the  current, 
comprehensive  NEC  model.  Field  strength  levels  observed  during  those  measurements  are  no  longer 
descriptive  of  the  current  array.  Early  predictions  based  on  a  simple  model  including  only  the  antenna 
elements  did  not  accurately  describe  the  electromagnetic  field  strength  that  was  observed.  The 
predominate  vatical  electric  field  at  all  points  away  from  the  array  indicates  the  existence  of  vaiical 
currents  within  the  antenna  structure,  and  independent  measurements  have  shown  the  existence  of  antenna 
currents  on  the  supporting  towers. 

During  November  1996,  following  completion  of  anteima  modification  work,  measurements  were 
again  conduct^  of  field  strength  at  several  points  around  the  DP  array.  At  each  geographic  point, 
measurements  were  conducted  at  three  frequencies,  3.155  MHz,  5.95  MHz  and  9.1  MHz.  At  each 
fi:equency,  measurements  were  obtained  for  three  beam  pointing  angles:  0°  (straight  up),  30°  North  and 
30°  South  (along  the  major  axis  of  the  DP  array). 

For  each  of  the  frequency-pointing  angle  conditions,  measurements  were  made  using  calibrated 
electric  and  magnetic  field  probes.  The  field  strength  receiver  was  calibrated  prior  to  each  measurement 
and  the  calibration  source  was  checked  at  the  end  of  the  test  against  a  standard  signal  generator.  Electric 
field  strengths  were  then  calculated  for  each  of  the  probes  using  calibration  charts  supplied  with  the 
instrument  The  measured  field  strengths  were  then  converted  to  equivalent  plane  wave  power  density, 
Pd  [IEEE,  1992-2],  using  the  relation  Pd  =  Ee-Em  /  377,  where  Eg  and  Em  are  the  electric  field  strengths 
measured  using  the  electric  and  magnetic  probes  respectively. 

Measurement  results  for  each  of  the  frequencies  are  shown  in  Table  2  for  the  case  of  antenna 
main  beam  pointed  vertically.  The  table  also  shows  predicted  NEC  field  strengths  for  each  of  the 
geographic  points  and  the  ratio  between  the  measured  field  strength  and  the  NEC  prediction.  In  addition, 
Table  2  shows  the  predicted  power  density  at  each  of  the  geographic  points  and  the  ratio  of  the  measured 
power  density,  Pd  (as  calculated  above)  and  the  NEC  prediction. 

With  the  a  few  exceptions,  the  agreement  between  measured  and  predicted  field  strengths  is  good. 
Measured  power  density  is  always  well  below  the  MPE  at  aU  geographic  points  studied.  At  geographic 
point  4,  located  at  a  distance  of  16.8  kra  from  the  HAARP  site,  the  field  strength  measured  using  the 
magnetic  probe  exhibited  deep  fading  at  both  3.155  MHz  and  5.95  MHz,  indicating  either  contamination 
of  die  measurement  by  a  sk^ave  component  of  nearly  equal  magnitude  to  the  weak  ground  wave 
component,  or  multimode  sk^ave  fading  without  a  ground  wave.  At  this  geographic  point,  the  electric 
field  probe  exhibited  no  fading  but  was  much  weaker  than  the  field  measured  with  the  magnetic  field 
probe  (this  probe  would  have  no  response  to  a  downward  propagating  skjwave  component). 

Figure  4  is  a  plot  of  the  field  variation  expected  along  the  closest  public  access  road  to  the 
HAARP  site.  The  variation  of  field  exhibits  a  minimum  associated  with  the  pattern  null  off  the  southeast 
comer  of  the  array  as  shown  in  Figure  2.  This  pattern  null,  labeled  point  1  in  Table  2,  was  obtained 
experimentally  by  driving  along  the  Tok  highway  to  find  a  local  minimum.  Its  position  coincides 
geographically  with  the  NEC  prediction. 

Measurements  made  at  the  Tok  road  entrance  to  the  facility  are  much  lower  than  predicted  using 
NEC.  We  believe  the  inaccuracy  at  this  point  only,  is  due  to  the  proximity  of  a  large  metallic  building 
lying  between  the  measurement  position  and  the  antenna  anay  leading  to  either  shadowing  or  destmctive 
interference  from  scattered  energy.  Further  numeric  investigation  is  planned  to  evaluate  this  case. 

Conclusions 

The  work  described  in  this  paper  was  motivated  by  the  need  to  develop  an  accurate  model  of  the 
HAARP  antenna  array  that  could  be  used  to  confirm  that  desired  scientific  performance  would  be 
obt^ed  simultaneously  with  safe  levels  of  electromagnetic  field  at  all  points  along  the  ground  in  the 
vicinity  of  the  facility.  To  realize  a  reasonably  accurate  model,  it  was  found  necessary  to  model  all 
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metallic  structures  in  the  vicinity  of  the  antenna.  A  tractable  numerical  model  was  achieved  through  a 
careful  study  of  ground  screen  grid  spacing  and  by  using  symmetry  procedures  in  the  NEC  specification 
statements  describing  the  complete  structure. 

Calculations  of  the  field  strength  under  the  antenna  (in  the  area  described  by  Figure  1)  indicate 
the  power  density  will  be  close  to  but  below  the  MPE  for  all  operating  firequencies.  Spot  measurements 
that  have  been  made  of  field  strengths  under  the  array  have  confirmed  this.  The  field  strength  measured  at 
points  near  the  array  and  in  the  near  field  are  highly  variable  within  a  short  distance  but  are  in  general 
agreement  with  NEC  predictions  and  remain  below  the  MPE  for  all  points  measured. 

Measurements  at  considerable  distance  from  the  array  along  the  Tok  highway,  taking  into  account 
possible  skywave  contamination  or  scattering  components,  are  in  good  agreement  with  NEC  predictions 
and  show  a  field  strength  many  orders  of  magnitude  below  the  safe  level  of  electromagnetic  field  as 
established  by  lEEE/ANSI  C  95. 1-1991. 
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Figure  1:  Near  electric  fields  underneath  ground  screen  at  a  height  of  1.5  meters 
Broadside  o-mode  excitation  at  3.155  MHz  with  360  kW  radiated  power 


Diamonds  indicate  approximate  source  locations 
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Figure  2:  Near  electric  fields  in  vicinity  of  HAARP  site  at  a  height  of  1.5  meters 
Broadside  o-mode  excitation  at  3.155  MHz  with  360  kW  radiated  power 
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Figure  3:  Near  electric  fields  along  BLM  trail  at  a  height  of  1.5  meters 
Broadside  o-mode  excitation  at  3.155  MHz  with  360  kW  radiated  power 


Figure  4:  Near  electric  fields  along  Tok  Cutoff  Highway  at  a  height  of  1.5  meters 
Broadside  o-mode  excitation  at  3.155  MHz  with  360  kW  radiated  power 
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THEORETICAL  STUDIES  ON  THE  EFFECT  OF  WAVEGUIDE  GEOMETRY  ON  THE 

RADIATING  SLOT 
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ABSTRACT  The  longitudinal  offset  radiating  slot  in  the  broadwall  of  rectangular  waveguide  has 
been  analyzed  using  a  spectrum  of  2-dimensionaI  solutions.  All  the  fields  and  the  sources  are  Fourier 
transformed  with  respect  to  the  longitudinal  axis  of  the  waveguide  and  the  resulting  2D  problem  has 
been  solved  using  two  different  approaches  namely,  Finite  difference  method  (FDM)  wherein  the  grid 
truncation  is  with  Measured  Equation  of  Invariance  (MEI)  and  the  Moment  method(MoM).  This 
analysis  accurately  models  the  effect  of  finite  waveguide  outer  geometry  on  the  radiating  slot. 
Comparative  studies  have  been  made  on  the  spectral  solutions  of  the  MEI  and  the  MoM.  Effect  of  the 
waveguide  geometry  on  the  slot  characteristics  has  been  presented. 

1.  INTRODUCTION 

Longitudinal  offset  slots  cut  on  the  broadwall  of  rectangular  waveguide  are  widely  used  as 
radiating  elements  in  high  performance  slotted  array  applications.  One  of  its  advantages  is  the  control 
over  the  radiated  power  by  means  of  changing  the  offset  of  the  slot  from  the  center  line  of  the 
waveguide.  To  achieve  the  required  aperture  distribution  precisely,  it  is  essential  that  the  behavior  of 
the  slot,  as  a  function  of  length,  offset,  width,  etc.,  be  analyzed  as  accurately  as  possible.  One  of  the 
assumptions  made  in  the  slot  characterization  is  that  the  slots  are  radiating  into  an  infinite  ground 
plane  for  computing  the  external  radiated  fieldsfl-3].  Since  the  waveguide  outer  cross-section  is 
rectangular  in  shape,  this  assumption  is  not  valid  for  large  offsets. 

This  paper  attempts  to  solve  the  problem  of  a  longitudinal  offset  slot  radiating  into  a 
rectangular  outer  geometry.  Using  equivalence  principle,  the  slot  is  covered  by  a  perfect  electric 
conductor  and  a  magnetic  current  of  +M2  on  the  exterior  side  and  a  -M^  on  the  interior  side  of  the  slot 
to  ensure  the  continuity  of  tangential  electric  fields.  The  continuity  of  the  tangential  magnetic  fields  on 
either  side  of  the  slot  is  enforced  at  the  slot  aperture.  The  unknown  magnetic  current  is  obtained  by  the 
solving  the  resulting  integral  equation  using  Galerkin  method.  The  finite  wall  thickness  of  the 
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waveguide  also  can  be  considered  in  the  same  way.  The  internal  scattered  fields  are  computed  using 
Stevenson’s  Greens  functions[l].  To  find  the  external  radiated  fields,  all  the  fields  and  the  sources  are 
Fourier  transformed  along  the  waveguide  axis,  thereby  converting  the  original  3D  problem  into  a  2D 
problem[4].  Two  approaches  have  been  used  to  solve  the  resulting  2D  problem  in  spectral  domain, 
namely  the  Finite  difference  method  coupled  with  Measured  Equation  of  Invariance(MEI)  and  the 
other  is  Moment  method  coupled  with  electric  field  integral  equation  (EFIE).  The  solutions  of  these 
two  methods  have  been  compared  in  terms  of  accuracy  and  convergence  behavior. 

The  dominant  element  of  external  admittance  matrix  has  been  computed  using  the  above 
mentioned  two  methods  and  is  compared  with  that  of  the  Half  space  Green’s  function  approach.  The 
admittance  properties  of  the  radiating  slot  have  been  computed  using  these  two  methods  and  are 
compared  with  that  available  in  the  literature[2]. 


2.  THEORY 

The  geometry  of  broadwall  longitudinal  offset  radiating  slot  is  shown  in  Fig. la.  The  slot  is 
assumed  to  be  narrow  so  that  the  only  significant  component  of  the  slot  aperture  electric  field  is  in  the 
x-direction.  Using  the  Schelkunoff  s  equivalence  principle,  the  domain  of  the  radiating  slot  is  divided 
in  to  two  regions;  the  waveguide  interior  and  exterior  regions.  The  continuity  of  tangential  electric 
fields  is  ensured  by  placing  suitable  m^netic  current  sheet  at  the  location  of  slot.  A  coupled  integral 
equation  is  obtained  by  enforcing  the  continuity  of  tangential  magnetic  fields  at  the  slot  location  as 

+  H“^(M)  =  ...(1) 

The  unknown  slot  magnetic  current  is  expanded  in  to  a  set  of  N  basis  functions  as 
N  N 

Mz  =  sin^(z  +  I)  =  Mp  ...(2) 

n=l  p=I 

and  following  the  Galerkin’s  method,  the  coupled  integral  Eq.l  is  converted  in  to  a  set  of  linear 
algebraic  equations  as 

p^ext  ^  Y®*]  [V]  =  \h^^]  ...(3) 

where  and  Y'"*  are  the  external  and  internal  admittance  matrices  respectively  and  V  is  the  matrix 
composed  of  the  expansion  coefficients  of  the  magnetic  current.  Computation  of  Y*"*  is  straight 
forward  and  is  done  using  Stevenson’s  internal  waveguide  Green’s  function[l]. 

For  computing  the  Y*’^,  the  method  of  2D  spectral  solutions  is  used.  Here  all  the  sources  and 
the  fields  are  Fourier  transformed  with  respect  to  the  longitudinal  axis  of  the  waveguide  i,e.  z-axis, 
thereby  reducing  a  3D  problem  to  a  2D  one.  The  2D  problem  is  solved  using  two  different  approaches 
as  follows. 
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(n  Computation  of  exterior  magnetic  field  bv  MET : 

The  wave  equation  for  the  magnetic  vector  potential,  is  solved  using  MEI  and  the  external 
tangential  magnetic  field  is  obtained  fi*om  it.  The  magnetic  vector  potential  which  is  due  to  p***  basis 
function  excitation  at  the  slot  aperture  is  obtained  by  solving 

+  (kj  -k^)^  =  0  ...(4) 

under  the  boundary  condition  that  the  electric  field  tangential  to  the  waveguide  surface  is  zero  except 
at  the  slot  region  where  it  is  equal  to  the  slot  aperture  electric  field,  i.e. 

-  So  at  the  position  of  slot. 

0  on  the  rest  of  the  waveguide  surface.  ...(5) 


where  ‘n’  is  the  normal  direction  away  from  the  waveguide  surface  in  to  the  exterior  region  and  is 
the  Fourier  transfonned  slot  aperture  electric  field  corresponding  to  p*  expansion  function.  Finite 
difference  method  is  used  to  solve  Eq.4  in  the  exterior  region  of  the  2D  problem(Fig.lb).  The  finite 
difference  grid  is  truncated  using  MEI,  after  a  few  buffer  layers  fi-om  the  waveguide  surface[4].  A  5- 
point  MEI  is  employed  and  the  coefficients  of  MEI  are  extracted  using 

(a)  linearly  independent  set  of  metrons  on  the  surface  of  the  waveguide  as 


dfj 

dn 

app 

an 


V/„  =  cos— for  n  even  or  n  =  0 

=  sin^^-^  for  n  odd 
T 


...(6) 


where  n  =  0,1,..,4,  T  =  total  circumference  of  waveguide  =  2  a  +  2  b  and  1  is  a  parameter  along  the 
cross-section  of  the  waveguide. 

(b)  plane  waves  at  the  point  of  application  of  MEI  as 


vj/  =  e'j  ^  y)  ...(7) 

where  (|)i  is  the  angle  of  incidence  of  plane  wave  and  (x,y)  are  the  coordinates  of  the  point  tmder 
consideration.  For  each  of  the  expansion  coefficients  Mp,  Eq.4  is  solved  subjected  to  the  boundary 

conditions  of  Eq.5.  The  tangential  magnetic  field  at  the  slot  aperture  is  given  in  terms  of  Ff  as 
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Using  physical  equivalence,  the  waveguide  surface  is  replaced  by  unknown  surface  electric 
currents.  The  surface  electric  currents  are  computed  for  each  spectral  wavenumber  by  solving  the 
electric  field  integral  equation  given  by 

.  s(p)  =  jkoTio  J  s(p) .  s(pO  Js(p')  G(P,P')  ds' 

kl  ^  I  ds’ 

where  is  the  transverse  incident  electric  field  due  to  the  magnetic  current  M^Ck^), 

kp  =  ko  -  k^  and  G(p,p')  is  the  2D  free  space  Green's  fimction[5].  The  unknown  surface 

electric  currents  are  expanded  in  to  piecewise  constant  pulses  and  using  collocation  method,  the  Eq.9 
is  solved  for  each  spectral  wavenumber  k^. 

The  tangential  magnetic  field  at  the  slot  aperture  is  then  calculated  as 

hxH®^  =  J  =  Jg  s  +  J^z  ...(10) 

Once  the  exterior  magnetic  field  is  computed  by  one  of  the  methods  described  above,  the 
elements  of  exterior  admittance  matrix  are  given  by, 

yS  =  |j  H“(P,Z)  .  Mo(p,z)  ds  =  ^  J  R„„(kz)  dk^  ...(11) 

s 

where  R^(kz)  =  J  H“'(p,k^)  .  M„(p,-k^)  ds  and  m,n=  U,....,N. 


3.  RESULTS 

The  proposed  method  has  been  applied  to  a  longitudinal  offset  radiating  slot  on  the  broadwall 
of  a  standard  S-band  rectangular  waveguide  of  a  =  7.214cm  and  b  =  3.404cm.  For  simplicity,  the  wall 
thickness  is  taken  to  be  zero  and  the  slot  width  is  0.3cm.  For  a  slot  offset  of  0.75cm  and  a  length  of 

4.6cm,  the  dominant  element  of  the  external  admittance  matrix  has  been  computed  as  a 

function  of  spectral  wave  number  and  is  plotted  in  Fig.2.  As  can  be  seen,  the  solution  obtained  using 
MEI  is  found  to  be  exhibiting  irregular  behavior  with  Iq  where  as  the  MoM  solution  is  smooth.  It  is 
found  that  the  using  surface  currents  as  metrons  does  not  give  any  marked  advantage  over  the  use  of 
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planewave  functions,  as  far  as  accuracy  is  concerned  in  this  case.  The  use  of  plane  wave  functions  for 
extracting  the  MEI  coefficients  leads  to  unacceptable  errors  in  the  spectral  solution.  For  large  the 
solutions  approach  that  of  the  infinite  half  space  method. 

The  reflection  coefficient  of  the  radiating  slot  is  computed  as  a  function  of  slot  length  and  is 
presented  in  Fig.3.  The  phase  of  the  reflection  coefficient  is  shifted  by  180°  and  is  plotted  in  Fig.3.  For 
the  FDM+MEI  approach,  five  buffer  layers  are  used  between  the  MEI  boundary  and  the  waveguide 
surface.  The  grid  spacing  is  taken  to  be  X/SO  leading  to  a  large  system  of  linear  equations  to  be  solved 
for  each  spectral  wavenumber.  Moreover,  the  convergence  of  the  spectral  solution  of  FDM  is  found  to 
be  poor  over  the  range  of  practicable  grid  spacings.  Even  though  pulse  expansion  and  point  matching 
is  used  with  MoM,  good  convergence  is  obtained  with  118  unknowns. 

For  a  typical  slot  length  of  4.25cm,  the  slot  reflection  coefficient  has  been  computed  as  a 
function  of  slot  offset  using  Moment  method  and  is  presented  in  Fig.4.  Also  presented  are  the  results 
of  Half  space  Green’s  function  approach.  It  is  found  that  the  effect  of  waveguide  outer  geometry  is 
negligible  for  small  offsets.  As  the  offset  of  the  slot  increases,  it  comes  close  to  the  waveguide  comer 
which  effects  the  reflection  coefficient  and  the  present  method  has  to  be  used  for  an  accurate 
computation  of  slot  reflection  coefficient. 

CONCLUSION:-  The  admittance  properties  of  longitudinal  offset  radiating  slot  on  the  broadwall  of 
rectangular  waveguide  have  been  studied  using  a  method  of  spectrum  of  2D  solutions.  Both  the  Finite 
difference  +  MEI  and  the  MoM  approaches  have  been  studied.  It  has  been  shown  that  the  use  of  FDM 
leads  to  unacceptable  errors  in  the  admittance  computations  with  normally  used  set  of  metrons.  It 
might  be  possible  to  find  an  optimum  set  of  metrons  which  will  reduce  the  error  in  MEI  boundary 
truncation.  It  should  be  noted  that  the  excitation  is  not  a  plane  wave  but  a  sheet  of  magnetic  current  on 
the  waveguide  surface.  The  moment  method  is  relatively  free  of  oscillations  leading  to  an  accurate 
solution.  The  half  space  Green’s  function  approach  has  been  found  to  be  applicable  for  small  slot 
offsets.  For  a  more  accurate  solution,  the  finite  outer  cross-section  of  the  waveguide  has  to  be 
considered. 
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(a)  Broadwall  longitudinal  offset  slot  (b)  2D  problem  in  Fourier  domain 


Fig.l  Geometry  of  radiating  slot  cut  on  a  rectangular  waveguide 
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Fig.2  Normalized  magnitude  of  -vs- 


4.25  4.5  4.56  4.57  4.6  4.625  4.7  4.75  4.8 

Slot  length  (cm) 

Fig.3  S11  of  longitudinal  slot  -vs-  slot  length  at  3GHz. 


COMPUTED  AND  MEASURED  RADIATION  PATTERNS  OF  ANTENNAS 
WITH  AERODYNAMIC  RADOMES 


David  Jeirn  and  Scott  Herzog 
Naval  Postgraduate  School 
Monterey,  CA  93943 


I.  INTRODUCTION 

Radomes  are  a  crucial  component  of  communications  and  radar  systems  deployed  on  aircraft.  The 
electrical  characteristics  of  the  radome  must  not  significantly  degrade  the  antenna  performance,  yet 
aerodynamic,  structural,  and  thermal  requirements  must  also  be  satisfied.  Tradeoffs  in  the  design  process 
are  facilitated  bj"  an  accurate  analytical  model  of  the  antenna  and  radome.  A  rigorous  model  that  includes 
the  effects  of  multiple  reflections,  attenuation  by  the  radome  walls,  and  surface  waves  favors  the  method 
of  moments  over  ray  tracing  techniques. 

A  previous  solution  [1]  used  the  method  of  moments  vdth  basis  functions  limited  to  bodies  of  revolu¬ 
tion.  The  antenna  is  modeled  as  an  aperture  with  a  specified  field  distribution.  The  method  of  moments 
excitation  vector  is  computed  using  the  complete  expressions  for  the  radiated  held  from  the  aperture.  All 
powers  of  IjR  {R  being  the  distance  from  an  aperture  point  to  an  observation  point  on  the  radome)  and 
all  vector  components  are  included  in  the  calculation.  Therefore,  the  model  can  accommodate  geometries 
where  the  radome  is  in  the  near-field  of  the  antenna. 

A  shortcoming  of  the  model  in  [1]  is  that  no  antenna  surfaces  are  included  in  the  antenna  representa¬ 
tion;  it  is  simply  an  equivalent  current  distribution  suspended  in  free  space.  Thus  the  antenna  aperture 
is  transparent  to  reflections  from  the  radome  that  would  either  return  to  the  antenna  port  and  affect 
its  YSWR  or  be  scattered  a  second  time  around.  Consequently  there  is  a  limit  to  the  accuracy  of  the 
modeUs  data  because  the  interactions  between  the  radome  and  antenna  are  neglected. 

The  model  presented  here  and  described  in  detail  in  [2]  utilizes  a  voltage  source  representation  avail¬ 
able  in  the  computer  code  PATCH  [3].  The  antenna  aperture  is  represented  by  an  array  of  thin  short 
slots  that  are  weighted  in  amplitude  and  phase  to  reproduce  the  radiation  pattern  of  the  actual  antenna. 
The  plate  resistivity  can  be  specified  so  that  any  desired  aperture  transparency,  and  hence  reflection 
coefficient,  can  be  achieved.  Computed  and  measured  data  are  presented  for  HARM  and  AIM-9  radomes. 

II.  COMPUTER  MODEL 

PATCH  is  a  FORTRAN  code  that  computes  electromagnetic  scattering  and  radiation  based  on  a 
method  of  moments  (MM)  solution  of  the  E-field  integral  equation  (EFIE).  Triangular  facets  (subdo¬ 
mains)  and  overlapping  basis  functions  of  the  type  developed  by  Wilton  and  Rao  [4]  are  used  in  PATCH. 
The  method  of  moments  reduces  the  EFIE  to  a  set  of  linear  equations  that  can  be  solved  using  standard 
matrix  methods.  The  number  of  unknowns,  and  hence  the  size  of  the  matrix  equation  that  must  be 
solved,  depends  on  the  number  of  triangular  patches  are  used  to  represent  the  antenna  and  radome. 
Therefore  the  application  of  MM  is  usually  limited  by  the  size  of  the  computer  available. 

Faceted  models  of  the  HARM  and  AIM-9  radomes  along  with  the  antenna  apertures  are  shown  in 
Figure  1.  Both  radomes  are  axially  symmetric.  The  HARM  is  ogive-shaped  in  the  forward  section  with 
the  straight  line  segments  near  the  back,  while  the  AIM-9  radome  is  hemispherical.  A  general  rule  of 
thumb  for  convergence  of  the  far-held  radiation  pattern  is  that  triangle  edge  lengths  should  not  exceed 
O.lA,  where  A  is  the  wavelength.  The  models  in  Figure  1  are  accurate  up  to  about  12  GHz. 

PATCH  allows  the  user  to  define  impressed  voltage  sources  at  an  edge.  .A.n  approximate  aperture 
model  for  a  Microline  56X1  horn  is  shown  in  Figure  2.  The  dots  denote  edges  that  are  excited  simul- 
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Figure  2:  Horn  aperture  approximation  by  a  plate  with  excited  slots. 

taneously  using  voltage  sources.  The  amplitude  and  phase  of  each  source  is  chosen  so  that  the  far-held 
pattern  of  the  aperture  approximates  the  measured  far- field  pattern  of  the  horn.  The  required  distribu¬ 
tion  is  close  to  that  of  the  TEio  mode  with  a  quadratic  phase  error  in  both  principal  planes.  Typical 
antenna  patterns  in  the  absence  of  a  radome  are  showm  in  Figure  3  for  PATCH,  RADOME  (the  code 
described  in  [1]),  and  measured  data.  All  data  presented  is  for  a  frequency  of  10  GHz. 

III.  RADOME  WALL  MODEL 

The  radome  walls  axe  represented  by  thin  dielectric  shells  [5].  The  equivalent  surface  impedance 
is  determined  using  a  transmission  line  representation.  Two  radome  walls  were  modeled:  (1)  HARM 
three-layer  sandwdch  and,  (2)  AIM-9  single-layer  wall.  The  surface  impedance  of  an  infinite  flat  panel 
of  the  HARM  radome  is  shown  in  Figure  4.  The  surface  impedance  used  by  PATCH  must  be  indepen¬ 
dent  of  angle;  the  value  for  normal  incidence  [Zg  =  234— jl66  Q)  is  a  good  approximation  up  to  about  60°. 

IV.  COMPARISON  OF  COMPUTED  AND  MEASURED  DATA 

The  radome  and  antenna  configuration  is  depicted  in  Figure  o.  In  the  calculation  the  antenna  aperture 
was  placed  so  that  it  was  coincident  with  the  phase  center  of  the  measurement  horn.  The  resistivity  of 
the  aperture  plate  was  adjusted  by  trial  and  error  to  obtain  the  best  agreement  with  measured  data. 

Comparisons  of  the  E-  and  H-plane  patterns  for  the  two  radomes  are  given  in  Figures  6  and  7.  The 
measured  patterns  contain  some  error  due  to  an  asymmetrical  chamber  configuration  (as  evidenced  by 
the  asymmetrical  patterns).  On  the  measured  HARM  radome  there  is  a  hard  plastic  rim  with  mounting 
holes  and  a  metal  tip  that  are  not  included  in  the  facet  model.  The  AIM-9  radome  has  a  3  inch  metal 
base  that  is  not  modeled  in  PATCH.  In  spite  of  these  differences  the  measured  and  computed  patterns 
have  the  same  essential  features. 
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IMPEDANCE  (OHMS) 


Figure  3:  Sample  comparison  of  approximate  antenna  model  and  measured  data  (H-plane) 


Figure  4:  HARM  radome  surface  impedance. 
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Figure  5;  Antenna  and  radome  configuration. 
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Figure  6:  Comparison  of  calculated  and  measured  data  for  the  HARM  radome. 
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Figure  7:  Comparison  of  calculated  and  measured  data  for  the  AIM-9  radome. 
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A  INTRODUCTION 


This  paper  describes  computer  codes  based  on  the  near-field  (NF)  spectral  analysis  method 
known  as  the  Spherical  Angular  Function  (SAF)  technique  for  predicting  antenna  pattern  performance, 
antenna  coupling,  and  RADHAZ  for  shipboard  antennas  operating  in  the  presence  of  nearby  scattering 
obstacles  and  other  antennas  [1-11]-  Emphasis  is  given  to  the  application  of  the  SAF  codes  to  the 
mostly-metallic  topsides  of  present  surface  vessels.  However,  the  progression  to  composite  topsides  is 
also  indicated  herein. 

The  complexity  of  the  scattering  environments  encountered  by  topside  antennas  can  be 
appreciated  by  considering,  for  example,  the  topside  of  the  DDG  shown  in  Figure  1 .  The  shipboard 
directive  antennas  must  operate  in  close  proximity  to  other  antennas  and  various  topside  stmctures 
including  round  masts,  open  masts,  platforms,  yardarms,  equipment,  stacks,  decks,  and  deckhouses. 
Frequently,  the  entire  ship  topside  is  well  within  the  radiating  near-field  region  of  a  directive 
transmitting  antenna  at  microwave/millimeter  wave  frequencies.  In  addition,  two  or  more  ship  structures 
may  be  simultaneously  illuminated  by  the  transmitting  antenna.  The  fields  scattered  from  these  multiple 
obstacles  can  combine  with  the  directly-transmitted  antenna  fields  to  produce  far-field  pattern 
distortions  and  to  produce  local  "hot-spots"  and  relative  nulls  that  can  significantly  impact  both 
RADHAZ  near-field  power  density  profiles  and  equipment  interference  levels. 

Computer  codes  based  on  the  Spherical  Angular  Function  (SAF)  near-field  analysis  techmque 
has  been  developed  to  expedite  the  analysis  and  design  of  shipboard  antenna  arrangements  to  achieve 
maximum  electromagnetic  effectiveness  for  current  topsides  [1-11].  The  FORTRAN  77-compliant  SAF 
codes  have  proven  to  be  accurate  engineering  tools  for  predicting  pattern  performance,  coupling,  and 
RADHAZ  levels  for  antennas  operating  in  the  presence  of  metallic  structures,  and  they  are  readily 
extended  to  handle  integrated  antenna/composite  mast  topsides.  The  SAF  analysis  technique  and 
validation  results  are  succinctly  described  in  the  following  paragraphs.  More  detailed  expositions  of  the 
SAF  analysis  can  be  found  in  References  1,  3,  4,  and  11.  Extensive  applications  of  the  SAF  codes  to 
modem  ship  topside  antennas  are  contained  in  References  4  through  7 

*  Sponsored  by  the  Naval  Sea  Systems  Command  (NAVSEA),  Code  SEA-0 3K24. 
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The  progression  toward  antennas  that  are  increasingly  integrated  with  composite  structures  to 
both  increase  antenna  performance  and  control  topside  RCS  is  illustrated  by  Figures  2  through  5.  Figure 
2  shows  the  concept  for  the  ATD  (Advanced  Technology  Development)  hexagonal  composite  mast  that 
encloses  two  existing  widely-used  topside  microwave  antennas,  namely  the  TAS  antenna  and  the  SPS- 
40  antenna.  Figure  3  illustrates  the  MERS  (Multifunction  Electromagnetic  Radiating  System)  concept 
where  UHF  communication  antennas,  JTIDS,  combat  DF,  and  IFF  antennas  are  embedded  in  a  single 
composite  structure.  Figure  4  also  illustrates  the  embedded  sensor  concept.  Figures  2,  3,  and  4  illustrate 
mixed  topsides  involving  both  composite  structures  and  traditional  topside  structures.  In  the  longer 
term,  it  is  envisioned  that  the  unified  composite  superstructure  concept  shown  in  Figure  5  will  be 
realized. 

B.  SAF  MATHEMATICAL  MODELS 

The  radiating  near-field  of  an  antenna  or  scattering  obstacle  may  be  represented  as  a  vectorial 
angular  spectrum  of  outwardly  propagating  plane  waves.  This  vectorial  angular  spectrum  of  plane 
waves  is  completely  described  by  the  Spherical  Angular  Function  (SAF)  for  the  antenna,  and  it  is 
denoted  as  F(0,(t>),  where  (0,4))  are  the  elevation  and  azimuth  angles,  respectively,  in  a  standard 
vertically-oriented  system  of  spherical  coordinates.  F(0,4))  may  be  expressed  directly  in  terms  of  the 
vectorial  complex  far-field  electric  field  £^.(0,4))  as  F(0,4))  =  r  {exp[jIcr]}E^(0,4)),  where  k  = 

X  is  the  fi'ee-space  wavelength,  and  r  is  the  distance  to  the  far-field  pattern  point. 

Consider  the  case  depicted  in  Figure  2  involving  3  scattering  obstacles.  The  resultant  total  SAF 
for  the  antenna  operating  in  the  presence  of  the  multiple  obstacles  is  computed  via  the  "Marching  In 
Range  Method",  or  MCRM  for  short.  In  the  MIRM,  the  antenna  SAF  is  propagated  to  the  first  obstacle, 
the  scattered  SAF  is  computed  and  added  to  the  incident  antenna  SAF  to  obtain  the  total  SAF.  This 
total  SAF  is  just  the  distorted  SAF  for  the  antenna  operating  in  the  presence  of  the  first  obstacle.  This 
total  SAF  after  this  first  step  is  then  allowed  to  be  incident  on  the  second  obstacle,  the  scattered  SAF 
fi’om  the  second  obstacle  is  computed  and  added  to  the  total  SAF  for  the  first  obstacle  to  obtain  the 
distorted  total  SAF  for  the  antenna  operating  in  the  presence  of  the  two  obstacles.  Obviously,  this 
process  is  repeated  N  times  if  there  are  N  obstacles  blocking  the  antenna.  This  process  can  be 
expressed  mathematically  as 

F“‘(e..l))=^n^f„(e.(|.|e',f|Rj.Fa(e',(t,'),  d) 

where  the  SAF  integral  operator  f^|^0,4)!0',4>'|R^j  is  defined  as 
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|fdn'exp{j[k(e,(t>)-k(9'.(ti')].Rj,}{l+§^(0.(t.|e',(t.')},  (2) 

where  (6,  (})|0 ',({)')  is  the  plane-wave  (PW)  scattering  dyad  for  the  n^li  obstacle,  is  the  vector 

distance  from  the  antenna  to  the  obstacle,  as  indicated  in  Figure  6,  and  where  k(6,<t))  and  k(0 ',(})') 

are  the  wave  vectors  for  the  scattered  and  incident  fields,  respectively.  I  is  the  identity  dyad.  The  SAF 
antenna  pattern  performance  code  GMULT  and  the  antenna  gain  loss  code  GLOSS  utilize  finite  circular 
and  elliptical  cylinders,  circular  cone  fhista,  flat  rectangular  plates,  and  flat  triangular  plates  to  model  the 
ship  topside  structural  elements. 

The  voltage  induced  at  the  terminals  of  a  nearby  receiving  antenna,  as  per  Figure  7,  is  expressed 
in  terms  of  the  resultant  SAF,  F^°^ ,  for  the  transmitting  antenna  operating  in  the  presence  of  the  N 
multiple  obstacles  and  the  dear-site  SAF  for  the  receiving  antenna: 

V(Ral»|p,a|4,ii)  = 

where  (P,a)  are  the  elevation  and  azimuth  pointing  angles  of  the  receiving  antenna,  and  are  the 

elevation  and  azimuth  pointing  angles  of  the  transmitting  antenna  referenced  to  the  angular 

coordinates  of  the  receiving  antenna  rotation  center,  and  is  the  vector  from  the  transmitting 
antenna  to  the  receiving  antenna.  This  near-field  coupling  analysis  is  implemented  in  the  antenna 
coupling  code  GCUPL. 

C.  VALIDATIONS  WITH  MEASURED  DATA 

Figure  8  shows  measured  and  computed  antenna  patterns  for  a  4-foot  diameter  parabolic 
antenna  blocked  by  a  quadrapod  open-mast  obstacle  for  the  operating  frequency  of  5.5  GHz  for 
horizontal  polarization  [6,8].  Only  the  14  cylindrical  elements  shown  in  the  inset  of  Figure  4  were  used 
to  obtain  the  computed  curve;  additional  elements  cause  only  small  changes  in  the  sidelobe  details. 
Figure  10  shows  measured  and  computed  azimuth  antenna  patterns  for  the  TAS  antenna  installed 
aboard  the  U.  S.  S.  Kennedy,  as  depicted  in  Figure  9,  for  a  case  involving  severe  blockage  by  the  ship 
topside  structures  [6,8].  The  TAS  antenna  is  operating  vertically-polarized  at  an  L-band  frequency. 
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Figure  1 1  shows  the  measured  and  GCUPL-computed  coupling  curves  for  two  4-foot  diameter 
C-band  antennas  blocked  by  an  intervening  round  mast.  Figure  12  compares  RADHAZ  power  density 
curves  computed  via  GCUPL  from  the  measured  blocked  SAF  and  from  the  GMULT-computed 
blocked  SAF,  for  the  4-foot  diameter  C-band  antenna  operating  in  the  presence  of  the  quadrapod  open- 
mast  obstacle  for  the  blockage  geometry  shown  in  Figure  13. 

D.  APPLICATION  TO  INTEGRATED  ANTENNA/COMPOSITE  TOPSIDES 

The  pattern  performance,  coupling,  and  RADHAZ  of  antennas  located  either  in  the  interior  or 
the  exterior  regions  of  composite  structures  may  be  computed  via  Equations  (1),  (2)  and  (3),  as 
appropriate,  once  the  PW  scattering  dyad  is  specified.  PW  scattering  dyads  for  basic  canonical  shapes 
such  as  flat  polygonal  panels  composed  of  multilayer  dielectric  and/or  frequency  selective  surfaces 
(FSS)  are  readily  derived  by  combining  a)  Physical  Optics  (PO)  formulas  for  opaque  polygonal  plates 
and  b)  the  Periodic  Moment  Method  (PMM)  code  [12,13].  The  PO  formulas  account  for  the  shape  of 
the  panels  and  the  PMM  code  is  used  to  compute  the  PW  transmission  and  reflection  coefiBcients  for  the 
panels  as  a  function  of  the  PW  incidence  angles.  Exact  PW  scattering  dyads  are,  of  course,  known  for 
transversely-infinite  multilayer  dielectric  panels  and  for  multilayer  dielectric  circular  cylinders  and 
spheres  [13,14].  The  PW  scattering  dyad  for  general  curved  multilayer  composite  structures  that  have 
electrically-large  radii  of  curvature  can  be  modeled  as  the  superposition  of  an  ensemble  of  polygonal 
facets  that  are  chosen  to  closely  approximate  the  shape  of  the  actual  structure;  this  first-order 
approximation  can  be  improved  by  accounting  for  the  propagation  of  circumferential  modes  in  the 
multilayer  structure.  The  resultant  RCS  for  the  enclosed  antenna  and  the  enclosing  composite  structure 
may  be  computed  via  Equations  I  and  2  by  straightforward  adaptation  of  the  MIRM  method  for  the 
extemally-incident  PW.  The  SAFs  and  RCS  for  antennas  embedded  in  flat  multilayer  dielectric  and/or 
FSS  panels  can  be  computed  with  the  aid  of  moment  method  codes  adapted  for  these  purposes  [15]. 

E.  CONCLUDING  REMARKS 


Good  agreement  between  computed  and  measured  results  is  achieved  for  the  near-field  scenarios 
presented  in  Part  C  and  for  other  validation  scenarios  [4-7].  It  is  concluded  that  the  SAF  technique  is 
well-suited  for  analysis  of  directive  antenna  far-field  and  near-field  radiation  characteristics  and  near- 
field  antenna  coupling  in  complex  near-field  scattering  environments  such  as  ship  topsides,  space 
stations,  and  congested  terrestrial  antenna  sites.  The  SAF  analysis  technique  combined  with  the 
Marching  In  Range  Method  (MIRM)  is  applicable  to  micro/millimeter  wave  antennas  operating  in  close 
proximity  to  arbitrary  metallic  and/or  composite  structures  for  which  the  individual  SAFs  of  the 
constituent  scattering  structures  are  known  or  can  be  derived. 
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Figure  1.  Topside  of  DDG, 


Figure  2.  ATD  hexagonal  mast  concept 


MAST 


Demonstrate  operational 
system  at  sea 


6  feet  vs.  30  feet 

(Frees  up  80%  of 
the  mast  design 
volume) 


Weight  450  lbs 
vs.  1 .5  tons/hull 


5  feet 


Figure  3.  MERS  ATD  concept  for  UHF  comm., 
JTIDS,  Combat  DF,  and  IFF  antennas. 
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Figure  4.  Embedded  sensor  concept  "8"'*  t«pe«t™cure  concept, 

for  FFG-7. 


Receiving  SAF 
f  or  Antenna  B 

f  Antenna  B 


Figure  6.  SAT  MIRM  concept  for  multiple  obstacles. 

Figure  7.  SAF  antenna  coupling  concept 
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Figure  12.  Near-field  power  density  versus  azimuth  angle  for  the  Figure  13.  Plan  view  of  the  blockage  geometry  for  Figure  12. 

4.0-foot  diameter  antenna  blocked  by  the  quadrapod  mast. 
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FAR  FIELD  PATTERNS  OF  COMBINED  TE/TM  APERTURE  DISTRIBUTIONS 
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Redondo  Beach,  California 
polytope@fnsn.  com 


A  recent  paper  [1]  has  shown  the  quite  unique  properties  of  a  very  specific  planar  aperture 
distribution,  obtained  by  linearly  combining  a  TE  ,  and  a  TM  cylindrical  mode,  both  having  the 
same  amplitude,  the  same  phase,  and  the  same  m  =  l  cylindrical  symmetry  index. 

The  two  modes  are  defined  in  Reference  [1]  in  closed  form,  on  both  the  z  =  0  aperture  plane, 
and  on  the  whole  z  >  0  half-space  above  the  aperture,  using  only  Bessel  functions  of  the  first 
kind  for  the  radial  dependence. 

For  a  unitary  value  w  =  1  of  the  cylindrical  symmetr>'  index,  a  rigorous  expression  of  the 
complex  Poynting  vector  shows  a)  a  high  concentration  of  axially  radiated  power  density  in  an 
electrically  small  region  of  the  circular  aperture,  close  to  its  center,  b)  a  relatively  small  power 
density  in  alternate  azimuth  directions,  around  the  z-axis,  and  c)  an  identically-zero  radial  power- 
flow  density^  everywhere  in  the  z  >  0  half-space. 

This  quite  unique  aperture  distribution  has  now  been  combined  with  the  well-known 
Hansen's  One  Parameter  Aperture  Distribution  for  Circular  Apertures  [2],  in  order  to  introduce 
a  controlled  amount  of  radial  amplitude  decay,  and  a  controlled  amount  of  edge-taper,  thus 
obtaining  a  smooth  aperture  truncation. 

The  particular  choice  of  the  Hansen's  One  Parameter  Aperture  Distribution  for  Circular 
Apertures  appears  most  appropriate,  as  it  uses  the  Bessel  function  Ig  of  the  second  kind,  a 
circumstance  that  is  expected  to  lead  to  the  existence  of  a  closed-form  expression  for  the  far-field 
pattern. 

The  closed-form  integration  of  the  resulting,  truncated  aperture  distribution  is  being 
performed,  by  using  the  very  enhanced  formal-integration  capabilities  of  Mathematica  3.0  . 

The  paper  presented  in  session  will  report  both  the  formal,  as  well  as  the  quantitative  results 
of  this  investigation. 
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Abstract —  The  power  absorbed  at  the  load  connected  to  a  receiving  antenna  can 
be  modeled  by  an  equivalent  circuit  composed  of  an  equivalent  generator  voltage  and  an 
generator  internal  impedance.  In  many  of  the  literature  the  equivalent  generator  voltage 
is  taken  to  be  the  open-circuit  voltage  and  the  generator  internal  impedance  is  taken 
to  be  the  input  impedance  in  the  transmitting  mode.  If  these  are  correct,  the  generator 
voltage  will  be  uncoupled  from  the  load  impedance  and  the  internal  impedance  uncoupled 
from  both  the  load  impedance  and  the  angle  of  incidence.  In  this  investigation,  these 
voltages  and  impedances  are  computed  numerically  for  cylindrical  antennas.  From  the 
numerical  results,  it  is  found  that  the  aforementioned  uncoupling  is  not  correct.  While,  it 
is  found  that  the  uncoupled-circuit  model,  where  the  open-circuit  voltage  and  the  input 
impedance  are  taken  as  the  generator  voltage  and  the  internal  impedance,  can  yield  valid 
results  of  the  load  current.  The  validness  of  the  uncoupled-circuit  formula  of  the  load 
current  can  be  proved  by  using  the  reciprocity  theorem.  Thereby,  it  is  concluded  that  the 
uncoupled-circuit  model  can  yield  the  exactly  correct  result  of  the  load  current,  but  the 
open-circuit  voltage  and  the  input  impedance  are  not  at  all  identical  to  the  equivalent 
generator  voltage  and  the  generator  internal  impedance,  respectively. 


I.  Introduction 

The  complex  power  Pl  absorbed  at  a  load  connected  to  the  terminals  of  a  receiving 
antenna  can  be  modeled  by  constructing  an  equivalent  circuit,  which  consists  of  an 
equivalent  generator  with  output  voltage  Vg,  an  internal  impedance  Zg  of  the  equiva¬ 
lent  generator,  and  the  load  of  impedance  Zl.  In  many  of  popular  antenna  books  [l]-[4] 
the  Thevenin  theorem  is  used  to  derive  the  equivalent  generator  voltage  V^.  Thereby,  the 
equivalent  generator  voltage  Vg  is  taken  to  be  the  open-circuit  voltage  the  voltage 
induced  between  the  two  terminals  of  the  receiving  antenna  when  the  load  is  removed. 
Further,  the  generator  internal  impedance  Zg  is  taken  to  be  the  input  impedance  Z,n  of 
the  same  antenna  in  the  transmitting  mode.  If  these  two  replacements  are  correct,  the 
equivalent  generator  voltage  will  be  independent  of  the  load  impedance  and  the  generator 
internal  impedance  independent  of  both  the  load  impedance  and  the  angle  of  incidence. 
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In  this  investigation  we  compute  the  equivalent  generator  voltage  Vg  and  the  generator 
internal  voltage  Zg  numerically  for  cylindrical  antennas  in  the  receiving  mode.  Then, 
the  dependences  of  and  Zg  on  the  load  impedance  and  the  angle  of  incidence  are 
examined.  From  the  results,  the  open-circuit  voltage  can  be  determined  immediately, 
since  it  corresponds  to  the  voltage  across  the  load  as  the  load  impedance  Zl  approaches 
infinity.  The  input  impedance  of  the  same  antenna  in  the  transmitting  mode  will 
also  be  computed.  Then,  a  direct  comparison  between  Vg  and  Kc  and  that  between  Zg 
and  Zin  can  be  made.  Thereafter,  the  load  current  determined  in  terms  of  and  Zg  is 
compared  with  that  of  Voc  and  Zin- 

II.  Equivalent  Generator  Voltage  and  Generator  Internal  Impedance 

Under  the  illumination  of  an  incident  electric  field  E',  an  electric  current  will  be  induced 
over  the  surface  of  a  receiving  antenna  and  in  the  load  connected  to  the  terminals  of  the 
antenna.  The  induced  current  will  re-radiate  a  scattered  electric  field  E^  into  the  space. 
It  is  well-known  that  the  total  field  E  is  equal  to  the  sum  of  the  incident  field  E‘  and  the 
scattered  field  E^  For  a  lossless  antenna  the  magnitude  of  the  tangential  component  of 
the  total  field  is  given  as 


E,|  = 


0 

ZlIl 

9 


on  Sant 
on  SgQ,p 


(1) 


where  the  subscript  ]!  denotes  the  field  component  tangential  to  the  surfaces  Sant  and 
Sgap,  Sant  IS  the  surfacc  of  the  antenna.  Sgap  is  the  surface  of  the  load.  It  is  the  current 
induced  at  the  load,  and  g  is  the  terminal  separation.  Thus,  the  complex  power  Pl 
absorbed  at  the  load  is  given  as 

Pl  =  \ \hf  Zl  =  i  //^E(r') '  (2) 


where  surface  5  =  Sant  +  Sgap  and  J,  is  the  surface  current  density  induced  on  the  surface 
5  of  the  receiving  antenna  and  the  load. 


Since,  for  an  arbitrary  but  lossless  antenna  the  power  delivered  to  the  antenna  is  equal  to 
the  sum  of  the  power  absorbed  at  the  load  and  the  re-radiated  power.  Thus,  the  complex 
power  Pa  delivered  from  an  incident  electric  field  E*  to  the  antenna  in  the  receiving  mode 
should  be  given  as 


=  (3) 

And,  the  complex  re-radiated  power  P*  should  be  given  as 

P,^-\Jjmr')-3:{r')d3'.  (4) 

where  the  scattered  electric  field  E^  is  originated  from  Jj.  Note  that  the  powers  Pa,  Ps-. 
and  Pl  are  associated  with  the  surface  integrals  of  the  inner  products  of  the  induced 
surface  current  density  J“  with  the  incident  field  E\  the  scattered  field  EU  and  the  total 
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field  E,  respectively.  And  the  power  conservation  Pa  =  -Pl  +  Ps  is  a  direct  consequence 
of  the  relation  E‘  =  E  —  E*. 

In  terms  of  the  power  Pa  delivered  to  the  antenna  and  the  re-radiated  powder  P5,  the 
equivalent  generator  voltage  Vg  and  the  internal  impedance  Zg  of  the  equivalent  generator 
can  be  defined  as 

=  ;^//^E‘(r')J:(r')*'  (5) 

Z,  =  (6)- 

Then,  according  to  the  equivalent  circuit  or  the  power  conservation  relation,  the  load 
current  II  is  given  as 


Il  = 


Zg  +  Zl 


(7) 


III.  Formulations  and  Numerical  Procedure 

For  a  z-directed  cylindrical  antenna  of  circular  shape  with  radius  a  and  of  length  i, 
the  z-directed  surface  current  density  J,  induced  on  the  receiving  antenna  under  the 
illumination  of  an  incident  electric  field  E’  is  governed  by  the  integral  equation: 


p/2  /•2t 

-jkoVoal^^J^  \g(R)  +  ^,G(R) 


where  Green’s  function 


J^[o\  z')d(p'dz'  -  2’KaJs{4>, 

(8) 


G{R)  = 


1^’ 


(9) 


distance  R  =  y'^[2asin^(<ji  —  <p')Y  +  (2  —  2')^,  field  E\  =  £*E%  and  associated  with 

the  load  impedance  per  unit  length,  is  given  as 


5^o(a)  = 


0 

9 


on  Sant 
on  Sgap 


(10) 


If  the  antenna  is  thin  enough,  such  that  the  incident  field  and  the  induced  current  can  be 
deemed  as  circumferentially  uniform,  that  is,  their  variations  over  the  azimuthal  angle  6 
can  be  ignored,  one  has 


jkoVo 


1  P/2  /-ax 

27r  J-ef2  Jo 


G{R)  + 


kldz^ 


G[R) 


d<f>'J{z')dz'  +  3?o(a)/(2)  =  Ei{z). 


(11) 


Here  R  =  ^{2asm\4)'Y  +  (2  -  z'Y  and  I{z)  =  27raJg{z).  In  the  transmitting  mode,  the 
governing  equation  becomes 
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1  .2^ 
jhvo~  /  / 

ZTT  7-£/2  ^0 


(?(/?)  +  d<f>'Iiz')dz'  =  s{z). 


on  Sant 


If  the  distance  R  in  (12)  is  approximated  as  R  =  the  integration  over 

d'  just  contributes  to  a  factor  of  2;r.  Then,  (12)  reduces  to  the  well-known  Pocklington 
equation. 

To  solve  the  above  two  integral  equations,  the  antenna  cylinder  (including  the  gap) 
is  divided  equally  into  N  segments.  Then,  N  pulse  functions  are  used  to  expand  the 
unknown  current  distribution  I{z)  and  the  point-matching  technique  is  used  to  render 
the  integral  equation  into  the  N  x  N  matrix  equation: 

Ax-b,  (14) 

where  A  is  a  matrix,  x  is  a  vector  whose  elements  are  the  induced  current  to  be  solved, 
and  b  is  also  a  vector  corresponding  to  the  incident  field  or  the  impressed  voltage.  In 
the  transmitting  mode,  the  elements  of  vector  b  are  given  as 

f  0  on  Sant 


and  in  the  receiving  mode  the  elements  are  given  as 

bn.^  =  El{zmY  m  =  (156) 

w'here  =  (m  -  \)l\z  -  and  Az  =  ijN.  In  (14)  the  matrix  elements  are 

given  as 


[Aj,nn  =iMo  i^(|m  -  n|)  +  ^Prr(|7T2  -  7^1)  +  9^o(2m)6mn,  (16) 


and  in  the  transmitting  mode  9^o(2Tn)  =  0  for  all  z,n-  In  (16),  P  and  P~~  are  given  as 

1  f2iT  ^iAz+Az/2 

P(i)  =  P  /  GlR(.i>’,2:')]d2:'d^'  (18) 

27r  Jo  JiAz-Az/2 

P„(.)  =  [G,[R{<i’,iAz+'^Az)]-G,[R{i',iAz-'^Az)]]do'..  (19) 
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where 


(?.[«(«!',  z')] 


dGm\z')]  /  .  n.-' 

- - 


(20) 


and  R{6'.z')  =  yj{2asm^4>'y  +  z'"^.  Numerical  integration  was  used  to  evaluate  the 
P{i)  and  Pzz{i)  by  dividing  each  cylinder  segment  into  even  smaller  subdivisions  in 
both  6  and  2  directions.  For  the  self-term  /’(O),  singularit}'  was  encountered.  However, 
this  singularity  is  integrable.  In  the  numerical  integration  of  the  self-term  P{0)  over 
the  subdivisions  in  <p  and  z,  the  subdivision  containing  the  singular  term  is  removed.. 
Accordingly,  its  contribution  «  to  the  integral  is  evaluated  analytically  by  approximating 
the  subdivision  by  a  planar  circular  disk  of  radius  where  is  equal  to  the  area  of 
the  subdivision.  Thereby,  it  can  be  shown  that 


1  1  _ 

^  — - - — ^ 

2,7rcL  j2a^o 

Numerical  results  indicate  that  subdivision  of  an  elongated  shape  may  lead  to  poorer 
accuracy.  Thus,  the  subdivision  is  chosen  to  be  close  to  a  square.  The  proposed  numerical 
procedure  can  be  generalized  to  a  lossy  cylindrical  antenna  in  both  the  transmitting  and 
the  receiving  modes.  For  this  the  values  of  on  Sant  in  (16)  are  replaced  with  the 

resistance  per  unit  length  along  the  antenna. 


rV.  Numerical  Demonstration 

The  component  of  incident  electric  field  tangential  to  the  antenna  is  given  as 

Ei{z^)  =  (22) 

where  $i  denotes  the  angle  of  incidence  as  measured  from  the  z  axis.  Based  on  the  com¬ 
puted  distributions  of  current  induced  on  the  receiving  antenna,  the  equivalent  generator 
voltage  Vg  is  calculated  according  to  (5)  by  numerical  integration.  And  the  generator 
internal  impedance  Zg  defined  by  (6)  is  calculated  simply  by  Zg  =  Vg/ II  —  Zl- 


A.  Generator  Voltage  and  Internal  Impedance 

The  dependences  of  Vg  (amplitude  and  phase  angle)  and  Zg  (real  and  imaginary  parts)  on 
the  incident  angle  ${  and  the  load  impedance  Zl  are  shown  on  Tables  I  and  II,  respectively. 
It  is  seen  definitely  that  Vg  and  Zg  do  depend  on  and  Zi.  When  the  load  impedance 
is  high  enough,  Vg  and  Zg  grow  linearly  and  quadratically  with  Zl-,  respectively.  This  is 
due  to  that  the  load  current  decreases  inversely  with  a  high  load  impedance. 


To  compare  the  internal  impedance  with  the  input  impedance,  the  Zin  of  the  same 
antenna  in  the  transmitting  mode  was  also  computed.  The  result  of  input  impedance  is 
Zin  =  (104.3  -1- j42.90)  n.  It  is  seen  that  the  result  of  disagrees  with  all  the  results 
of  the  generator  internal  impedance  Zg  listed  on  Tables  I  and  II. 


The  open-circuit  voltage  V^c  can  be  replaced  by  the  voltage  14  (=  ZlIl)  across  the  load 
when  the  load  impedance  is  high  enough.  In  this  investigation,  the  impedance  is  chosen  to 
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be  as  high  as  10®  ft.  For  higher  load  resistances,  no  substantial  variation  in  the  calculated 
value  of  Vl  was  observed.  The  calculated  results  of  V^c  for  various  incident  angle  Oi  are 
listed  in  Table  III.  Again,  all  the  calculated  results  of  the  open-circuit  voltage  V^c  disagree 
with  those  of  the  corresponding  equivalent  generator  voltage  Vg  listed  on  Table  I. 


B.  Load  Current 

The  results  of  the  load  current  II  for  various  loading  conditions  are  listed  on  Table 
IV.  These  results  of  II  are  just  picked  up  from  the  solutions  of  induced  current  at  the 
loading  point.  While,  the  current  /£  determined  by  the  uncoupled-circuit  model,  where 
the  generator  voltage  in  (7)  is  taken  to  be  the  open-circuit  voltage  Kc  and  the  internal 
impedance  Zg  to  be  the  input  impedance  Zin  in  the  transmitting  mode,  is  calculated 
according  to 


v;. 


,  +  Zi 


(23) 


The  results  of  this  current  are  listed  on  the  last  column  in  Table  IV.  By  comparing  the 
results  of  current  /£  with  those  of  the  load  current  1l,  it  is  seen  that,  except  for  some 
small  discrepancies, 


=  h  (24) 

over  various  loading  conditions.  The  above  equality  can  be  shown  to  be  true  [5]  and 
hence  the  small  discrepancies  are  just  numerical  errors.  Thus,  the  current  determined  by 
using  the  uncoupled-circuit  model  is  actually  identical  to  the  load  current,  although  Vg 
and  Zg  are  not  identical  to  Voc  and  respectively. 

V-  Conclusion 

From  the  numerical  results,  it  is  apparently  seen  that  the  equivalent  generator  voltage 
Vg  and  the  generator  internal  impedance  Zg  do  depend  on  the  incident  angle  and  the 
load  impedance  Zl.  Qualitatively  speaking,  Vg  and  Zg  suffer  a  loading  effect,  that  is, 
their  values  depend  on  the  load  impedance.  W'hereas,  Voc  corresponds  to  an  infinite  load 
impedance  and  Zi^  has  nothing  to  do  with  the  load  impedance.  Further,  Zin  has  nothing 
to  do  with  the  incident  angle.  Thus.  Vg  and  Zg  can  not  be  Voc  and  Zin,  respectively.  In 
other  words,  the  open-circuit  voltage  Voc  does  not  correspond  to  the  power  delivered  to 
a  receiving  antenna  and  the  input  impedance  Zin  does  not  correspond  to  the  re-radiated 
power  from  that  receiving  antenna. 

However,  the  numerical  results  indicate  that  the  uncoupled-circuit  model,  where  Vg  is 
replaced  with  Voc  and  Zg  with  Z^.,  can  yield  correct  result  of  load  current.  The  validness 
of  the  uncoupled-circuit  formula  of  load  current  cab  be  proved  rigorously  by  using  the 
reciprocity  theorem.  Based  on  these,  we  can  state  that  the  two  replacements  in  the 
uncoupled-circuit  model  together  can  yield  the  exactly  correct  result  of  the  load  current, 
but  each  individual  replacement  itself  is  not  correct,  physically  or  quantitatively. 
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Table  I  The  Equivalent  Generator  Voltage  Vg  and  the  Generator  Internal  Impedance  Zg 
as  Functions  of  the  Incident  Angle  in  Degree  for  a  Center-Loaded  Cylindrical 
Antenna  of  Length  i  =  0.5A  and  Radius  a  =  0.005A.  The  Load  Impedance  Zi  = 

100  n. 


Or 

(in 

V) 

(in  D) 

10 

0.0456 

L  - 

22.02° 

88.03 

+  j  5.34 

20 

0.0921 

L  - 

21.08° 

87.84 

A  2  8.74 

30 

0.1399 

L  - 

19.75° 

87.56 

+  il3.63 

40 

0.1886 

L  - 

18.24° 

87.24 

+  il9.14 

50 

0.2364 

L  - 

16.79° 

86.91 

-f  i24.49 

60 

0.2802 

L  - 

15.56° 

86.62 

-h  >29.08 

70 

0.3158 

L  - 

14.64° 

86.39 

-F  >32.54 

80 

0.3393 

L  - 

14.08° 

86.25 

-h  >34.67 

90 

0.3475 

L  - 

13.89° 

86.20 

-h  >35.39 
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Table  II  The  Equivalent  Generator  Voltage  Vg  and  the  Generator  Internal  Impedance  Zg  as 
Functions  of  the  Load  Impedance  Zl  for  the  Cylindrical  Antenna  in  Table  1.  The 
Incident  Angle  Oj  =  90°. 


Zl  (in  n)  Vg 

1  0.3376  Z  -  0.32° 

10  0.3377  Z-  1.58° 
100  0.3475  Z  -  13.89° 
1  000  0.8903  L  -  67.89° 
10000  8.245  Z  -  87.83' 

100000  82.38  Z  -  89.94' 


_ _ 

81.50 +  i57.01 
81.55 +  i56.75 
86.20  +  j35.39 

0.5519  X  10^  -i0.2050  x  10^ 
0.4712  X  10°  -i0.2101  X  10® 
0.4703  X  10" -i0.2101  x  10® 


Table  III  The  Open-Circuit  Voltage  Kc  as  a  Function  of  the  Incident  Angle  for  the  Cylin¬ 
drical  Antenna  in  Table  I. 


0. 

Kc 

(in 

V) 

10 

0.0506 

Z  - 

11.79° 

20 

0.1022 

Z  - 

11.89° 

30 

0.1553 

Z  - 

12.04° 

40 

0.2092 

Z  - 

12.22° 

50 

0.2618 

z  - 

12.40° 

60 

0.3096 

z  - 

12.56° 

70 

0.3484 

z  - 

12.69° 

80 

0.3738 

z  - 

12.77° 

90 

0.3826 

z  - 

12.80° 

Table  IV  The  Load  Currents  7l  and  /£  as  Functions  of  the  Load  Impedance  Zi  for  the 
Cylindrical  Antenna  in  Table  1.  The  Incident  Angle  =  90°. 


Zl  (in  fl) 

li  (in 

A) 

1 

0.3366  X  10-2 

Z  -  34.96° 

0.3367  X  10-2  Z 

-  34.96° 

10 

0.3135  X  10-2 

Z- 33.37° 

0.3135  X  10-2  Z 

-  33.37° 

100 

0.1833  X  10-2 

Z  -  24.65° 

0.1833  X  10-2  ^ 

-  24.65° 

1000 

0.3463  X  10-® 

Z  -  15.02° 

0.3463  X  10-®  Z 

-  15.01° 

10000 

0.3787  X  10-^ 

Z  -  13.04° 

0.3787  X  lO-'*  Z 

-  13.03° 

100000 

0.3823  X  10-® 

Z  -  12.82° 

0.3823  X  10-®  Z 

-  12.81° 
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ABSTRACT 

Arrays  of  sleeved  monopoles  have  very  good  ofF-broadside  characteristics  and  so  they  can  be 
used  for  such  applications  as  the  Over-The-Horizon  (OTH)  Radar.  We  developed  an  accurate 
analysis  and  computer  codes  for  arrays  of  arbitrarily  spaced  sleeved  monopole  elements.  The 
analysis  treats  the  sleeved  monopoles  in  an  array  environment  and  takes  into  account  the 
actual  feed  configuration.  With  such  codes,  a  high  performance  array  can  be  designed  by 
simulation,  thereby  avoiding  a  costly  iterative  experimental  procedure. 

INTRODUCTION 

The  analysis  of  the  array  of  sleeved  monopoles  and  the  array  design  tradeoffs  were  dis¬ 
cussed  and  reported  in  [1].  In  this  paper,  after  a  brief  overview  of  the  analysis,  emphasis  will 
be  placed  on  computational  techniques  used,  along  with  a  description  of  the  user-friendly 
computer  codes. 

Three  versions  of  code  were  developed  from  a  Galerkin  solution  procedure  for  monopole 
currents:  1)  a  dense  matrix  code  based  on  cosine  expansion  and  test  functions;  2)  a  dense 
matrix  code  based  on  roof-top  basis  and  test  functions;  and  3)  a  sparse  matrix  code  specif¬ 
ically  tailored  to  very  large  arra3's.  Both  1)  and  2)  are  for  small  and  medium  size  arrays. 
Version  3)  employs  a  sparse  matrix  approximation  that  yields  results  which  are  virtually 
indistinguishable  from  the  full  matrix  codes,  but  requires  sugnificantly  less  matrix  fill  and 
solve  times.  The  computer  code  architectures  and  block  diagrams  are  also  presented. 

The  theory  and  codes  were  validated  against  a  simple  experiment  consisting  of  a  3-element 
array.  Typical  simulated  results  for  active  admittance,  element  patterns  and  scattering 
(coupling)  coefficients  are  compared  with  measured  data  and  given  in  [2],  In  this  paper  we 
present  some  typical  results  for  31-element  and  101-element  linear  arrays. 
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ANALYSIS  -  AN  OVERVIEW 

Fig.  1  shows  the  array  element  under  consideration.  It  consists  of  a  vertically  extended 
inner  conductor  (probe)  of  height  L  and  radius  a.  and  an  outer  conductor  (sleeve)  of  height  i 
with  inner  and  outer  radii  b  and  c,  respectively.  The  identical  feed  lines  have  the  characteristic 
admittance  Yc  and  are  filled  with  a  dielectric  material  of  relative  permittivity  Tfie  top 
view  of  the  array  is  shown  in  Fig.  2.  The  total  number  of  array  elements  is  N,  with  m 
denoting  the  reference  element. 

Since  a  «  X  and  c  <<  A,  it  is  assumed  that  the  probe  and  sleeve  currents  have 
only  an  axial  component  and  no  angular  variation.  Furthermore,  it  is  assumed  that  the 
field  distribution  in  each  coaxial  aperture  is  that  of  the  coaxial  feed-line  TEM  mode.  An 
integral  equation  is  formulated  for  the  unknown  probe  and  sleeve  current  distributions  by 
requiring  that  the  total  tangential  electric  field  vanishes  on  the  reference  monopole  surface. 
The  tangential  field  is  produced  by  currents  on  the  m-th  reference  element  (self  term)  and 
currents  on  the  rest  of  the  array  elements  (coupling  terms).  The  procedure  is  carried  out  in 
the  following  steps: 

1.  All  elements  are  excited  with  aperture  voltages  \'X  =|  14  I  exp{jOn).  n  =  1, 2, . . . ,  m, . . . ,  A . 

2.  In  view  of  the  equivalence  principle,  we  close  the  coaxial  aperture  with  a  perfect  conductor. 
The  problem  is  now  divided  into  two  parts,  one  for  the  internal  and  the  other  for  the  external 
region.  In  the  external  region,  at  z  =  i,  the  coaxial  TEM  aperture  electric  fields  are  replaced 
by  magnetic  current  frills  M^m- 

3.  Expressions  are  obtained  for  E°{p,z),  E^{p,z)  and  H^{p,z)  due  to  a  probe  current 
Jf(a,2),  sleeve  current  Jf(c. z),  annulus  current  Jp{p,z  =  i)  and  magnetic  frill  Mi{p,z  =  i) 
of  a  single  (isolated)  monopole. 

4.  The  total  on  the  probe  of  the  reference  element  is  then  obtained  by  summing  the 
contributions  from  the  element  itself  and  the  rest  of  the  array  elements,  and  can  be  written 
as 

=  ^  p„, -p,.  +  ^  \.z).  (1) 

n  =  1 

n  ^  m. 

5.  In  order  to  apply  the  boundary  conditions  on  the  reference  probe,  the  Addition  Theorem 
for  Hankel  functions  is  used, 

\p^.-Pn  +  ^\)^  {2a) 

=1  Pm  -  Pn  h  (2^) 

the  field  E^^^  is  expanded  about  a  cylindrical  axis  at  the  reference  element.  Following  the 
procedure  indicated  in  steps  3  and  4,  total  fields  Ezm{c.z)  on  the  sleeve  and  Epm{p-,z  =  €) 
in  the  annulus  are  obtained. 
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6.  To  determine  the  external  currents  J,  we  impose  the  boundary  conditions  that  the  total 
tangential  electric  field  vanishes  on  the  surface  of  the  reference  monopole,  i.e., 

Et(J,M)  =  0,  on  5  (3) 

where  m—  1, 2, . . . ,  A’  and  M  are  the  known  magnetic  frill  currents.  This  can  be  written  as: 

EL(J.„)+  i:  -  E  Ef„(M^„)  (4) 

n  =  1  n  =  1 

n  m  .  n  ^  m 

which  is  an  integral  equation  for  the  determination  of  the  electric  currents  J^n  and  J„. 

7.  Eq-  (4)  is  now  solved  by  the  method  of  moments  (MoM).  To  that  end,  the  monopole 
electric  current  on  the  n-th  element  is  expanded  in  the  following  series: 

I 

=  n  =  L2....,m,...,A'.  (5) 

j  =  l 

Two  different  expansion  functions,  (vj),  for  the  unknown  currents  are  used:  the  entire 
domain  cosine  functions  and  the  roof  top  functions. 

8.  Substituting  (5)  into  (4),  and  using  the  Galerkin  procedure  yields  a  set  of  linear  inho¬ 
mogeneous  equations  for  the  determination  of  the  expansion  coefficients,  4)  of  the  unknown 
probe  and  sleeve  currents.  The  system  of  equations  can  be  conveniently  written  in  a  block 
matrix  form  as  follows: 


[A^,]  [Cn]  =  [Bn.]V 

(8a) 

Amn  ~  [^mnl 

(86) 

Cn  =  [4] 

(8c) 

Bm  = 

m 

II 

> 

(8e) 

where  [Amn]  an  N  x  N  block  matrix  (each  block  or  submatrix  contains  /  x  /  elements) 
representing  the  interaction  between  elements  m  and  n,  [Cn]  is  block  column  vector  (each 
block  of  size  /)  representing  the  unknown  expansion  coefficients,  Bm  is  also  a  block  column 
matrix  whose  elements  (blocks)  are  the  7  x  A  submatrices,  and  V  is  the  excitation  vector. 

9.  Once  the  probe  and  sleeve  currents  have  been  found,  the  total  magnetic  field  H^[p,  z  =  O'*") 
in  the  aperture  of  the  reference  element  is  determined  following  the  procedure  indicated  in 
steps  3  and  4. 

10.  Imposing  continuity  of  H^{p,  z  =  0)  across  the  coaxial  aperture  of  the  reference  element, 
we  obtained  expressions  for  active  admittance,  active  reflection  coefficient,  array  scattering 
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parameters  (coupling  coefficients),  element  gain,  radiation  pattern,  and  other  array  charac¬ 
teristics.  The  details  of  the  derivation  are  given  in  [2]. 

NUMERICAL  ANALYSIS 

The  core  of  the  numerical  analysis  work  involved  the  evaluation  of  matrix  element  inte¬ 
grals  in  (8a).  As  already  mentioned,  two  t3'pes  of  basis  and  test  functions  were  (separately) 
used,  cosine  (entire  domain)  functions  and  roof-top  functions.  In  both  cases,  the  ic,-integrals 
defining  the  matrix  elements  were  evaluated  along  the  same  path  in  the  complex  plane,  and 
in  the  same  manner  using  both  real-axis  and  arc  integrations  around  the  same  singularities. 
By  having  programs  based  on  two  different  solution  methods,  one  could  also  expect  to  dis¬ 
cern  any  glaring  discrepancy  between  their  calculated  final  results  and  also  point  the  way 
for  correction  of  any  analysis  or  programming  errors.  Both  programs  produced  practically 
identical  results.  We  noticed  that  the  30  term  roof  function  program  calculated  the  current 
at  the  feed  point  (z  =  £)  slightly  more  accurately  than  the  equivalent  cosine  expansion.  Al¬ 
though  both  codes  produced  very  accurate  results,  the  computational  time,  for  large  arrays, 
was  very  high.  For  example  for  a  30-element  arra\',  using  10  current  terms,  the  computa¬ 
tional  time  on  Sun  SPARC  station  10  was  obout  one  day.  Because  of  that,  for  the  study  of 
large  arrays,  we  developed  a  more  efficient  method  for  creating  the  left-  and  right-hand  side 
Galerkin  matrices,  A,  and  B,  respectively.  Only  cosine  basis  and  test  functions  were  used 
in  this  code  development.  The  method  is  based  on  matrix  sparsification  procedure,  and  is 
described  below. 

To  that  end,  it  is  important  to  note  that  the  coupling  between  the  two  elements  spaced 
farthest  apart,  say  element  m  and  n  in  a  large  array,  is  relatively  small  (-50  dB  for  example). 
Because  of  that,  interaction  between  current  modes  on  element  m  and  current  modes  on 
element  n  can  be  approximated  by  the  interaction  between  their  dominant  modes  only.  In 
other  words,  all  elements  in  submatrix  Aj^n  are  set  to  zero  except  the  first  one,  The 

magnitude  of  this  element  is  used  as  a  threshold.  All  elements  in  other  submatrices  with 
smaller  magnitudes  were  then  also  set  to  zero.  This  simple  procedure  generates  sparse,  off- 
diagonal  submatrices  that  require  considerably  less  fill-time  than  for  the  full,  dense  matrix- 
situation.  In  this  fashion,  the  direct  interaction  of  each  monopole  on  every  other  is  optimally 
taken  into  consideration  to  some  extent.  Fig.  3  depicts  a  sparse  matrix  structure  resulting 
from  this  procedure.  The  resulting  sparse  matrix  system  was  then  solved  using  an  IMSL 
sparse  solver.  The  sparse  matrix  filled  only  about  5  %  of  the  total  matix  elements.  In 
addition,  the  sparse  matrix  solver  was  much  faster  than  dense  matrix  solver.  The  results 
from  the  sparse  matrix  codes  and  full-dense  matrix  codes  were  compared  on  a  STelement 
linear  array  case.  Practically  identical  results  were  obtained  from  both  codes. 

COMPUTER  CODE 

A  FORTRAN  computer  code  was  generated  for  evaluation  of  active  admittance,  scat¬ 
tering  (coupling)  coefficients  and  the  far-held  patterns.  Three  versions  of  the  code  were 
developed:  1)  a  dense  matrix  code  based  on  cosine  expansion  and  test  functions;  2)  a  dense 
matrix  code  based  on  roof-top  basis  and  test  functions;  and  3)  a  sparse  matrix  code  specif¬ 
ically  tailored  to  ver\"  large  arrays.  In  addition,  each  of  these  codes  comes  with  graphics 
(IMSL)  and  without  a  graphics  package.  For  convenience  these  code  versions  are  schemati¬ 
cally  shown  in  Fig.  4. 
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The  program  flow  chart  is  given  in  Fig.  5.  In  NAMELIST  we  input  element  geometry  and 
options.  In  file  xyvv.f  we  define  array  geometry  and  excitation.  Program  xx.f  computes  A 
and  B  matrices.  The  results  are  dumped  into  xx.res  ABDATA  files.  The  program  yy.f  inverts 
the  matrix  A,  and  computes  scattering  matrix  and  other  array  parameters.  The  file  yy.res 
stores  numerical  results.  The  results  can  be  also  presented  graphically  and  interactively  on 
the  screen.  Input  and  output  program  capabilities  and  corresponding  flow  charts  will  be 
described  at  the  presentation. 

NUMERICAL  RESULTS  FOR  A  LARGE  ARRAY 

Fig.  6  shows  the  end  element  gain  pattern  -  Gi[6,<i>  =  0°)  of  a  31-element  linear  array. 
The  element  dimensions  are:  L  =  0.750'’,  i  —  0.250”,  a  =  0.025”,  b  =  0.081”,  c  =  0.090”, 
and  Er  =  2.0.  The  array  element  spacing  is  d/A  =  0.5  at  /  =  Z.lGHz.  In  MoM  we  used  a  15 
term  cosine  expansion.  Computations  were  performed  with  sparse  matrix  code.  The  sparse 
matrix  filled  about  5.3  %  of  the  total  matrix  elements.  Identical  results  were  obtained  with 
the  dense  matrix  code  which  was  roughly  10  times  slower.  For  the  same  arraj'-,  Fig.  7  shows 
the  magnitude  of  the  coupling  coefficients  |  5in  I  vs.  element  serial  number.  Notice  that  the 
coupling  between  two  end  elements  is  approximately  -40  dB.  More  results  on  this  array  and 
the  larger,  101-element  array,  will  be  given  at  the  presentation. 
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Fig.  1  Monopole  array  element 


Fig.  2  Top  view  of  the  array 
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Fig.  3  Sparse  matrix  structure.  N=4.  1=5 
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Fig.  4  Computer  code  versions 


236 


Fig.  5  Program  flow  chart 
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MewSriKTOmagneticsCEM)  originate  from  the  process  of  radiation,  tS*“  om 

propagated  or  scattered  fields  were  it  not  for  this  phenomenon. 

undeiltanding  of  how  and  why  radiation  occurs  is  relatively  superficial  at  both  a  fundamental  and  pracu- 
cal  level.  It’s  true  that  mathematical  analysis  shows  radiation  occurs  due  to  charge  acceleration.  Ijs^so 
true  that  the  we  are  able  to  solve  for  the  near  and  far  fields  of  rather  complex  objects  subject  to  ^  tiyy 
excitation  and  can  thus  analyze  and  design  EM  systems^However,  for 

termine  the  spatial  distribution  of  radiation  over  the  surface  of  a  conducting  body,  a  solution  becomes 
less  obvious  Either  this  particular  problem  has  no  answer,  or  it  has  eluded  us,  possibly  because  it 
hasn’t  been  found  necessary  for  most  applications.  Whatever  the  reason  for  this  situation,  it  seems  un¬ 
deniable  that  knowing  where  radiation  originates  is  worth  knowmg,  if  for  no  other  reason  than  acqumng 
a  better  understanding  of  EM  physics. 

A  concepmal  way  to  think  about  this  problem  could  be  to  ask,  were  our  eyes  sensitive  to  X-W^- 
quencies^and  capable  of  resolving  source  distributions  a  few  wavelengths  in  extent  what  kind  of  imge 
lou\d  such  simple  objects  as  dipoles,  circular  loops,  conical  spirals,  log-pen^ic  strucmres  continuous 
conducting  surfaces,  etc.  present  when  excited  as  antennas  or  scatterers?  Vanous  kinds  of 
ments,  analyses  and  computations  have  been  made  over  the  years  th^  ^ar  on  this  ™  P^®‘ 

sentation  will  summarize  some  relevant  observations  concemmg  rajahon  physics  in 
frequency  domains  for  a  variety  of  observables.  While  it  may  not  be 

recipe  that  permits  direction  computation  of  a  radiation  image  from  a  source  distnbuuonobtamedfrom 
numSical  model,  a  variety  of  qualitative  statements  can  be  made  that  bear  on  this  question.  .  Lw 
not  all  of  the  observations  made  here  are  necessarily  rigorously  provable,  representmg  the  author  s  behet 
about  possibly  debatable  points. 

2  0  BACKGROUND 

It  is  a  physical  fact  that  the  1/r  components  of  the  electric  and  magnetic  fields  produced  by  a  source  dis¬ 
tribution,  i.e.,  the  so-called  far  or  radiation  fields  because  their  Poynting’s  vector  fdls  as  1/r^  to  m^- 
tain  a  constant  total  power  flow  over  a  sphere  of  radius  R,  are  due  solely  to  accelerated  ch^ge.  m 
Lienard-Wiechert  potentials  show  explicitly  that  accelerated  charge  alone  produces  a  1/r  field  [Panots^ 
and  Phillips  (1956)].  Thus,  with  the  charge  velocity  given  by  u  and  r  the  observation  vector  to  its  re¬ 
tarded  position,  the  electric  field  of  a  point  charge  e  can  be  written  as 


I 

4ir£o| 

where 

s=r-(uT)/c,  (t) 


where  the  differentiation  is  with  respect  to  retarded  time  f  and  c  is  the  speed  of  light.  The  magnetic  field 
is  obtained  as 
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B  =  rxE/rc.  (2) 

It  can  be  seen  in  (1)  that  taking  the  limit  r — >~  of  rIEI,  only  the  charge-acceleration  term,  du/dt’,  re¬ 
mains,  which  means  acceleration  alone  contributes  to  the  radiation  field. 

However,  charge  acceleration  need  never  be  dealt  with  in  the  majority  of  EM  analysis,  unless  one  seeks 
specifically  to  account  for  radiation  in  more  physical  terms.  Indeed,  if  the  question  “What  causes  radia¬ 
tion?”  is  put  to  a  typical  EM  student,  the  typic^  answer  tends  to  focus  on  current,  being  something  like 
“Current  causes  radiation.”  While  this  answer  can  be  accepted  as  not  being  incorrect,  at  least  superfi¬ 
cially,  it  doesn’t  really  get  to  the  fundamental  cause  of  radiation.  Without  moving  charge,  there  is  no 
conduction  current,  and  without  charge  motion  or  the  onset  of  motion,  there  can  be  no  acceleration  (the 
term  ‘acceleration’  is  used  here  whatever  the  sign  of  the  velocity  change).  Current  inextricably  involves 
charge  motion,  but  the  presence  or  not  of  accelerated  charge  associated  with  that  current  may  be  less  ob¬ 
vious. 

In  any  case,  it  seems  that  we  should  look  for  accelerated  charge  in  our  solutions  as  providing  the  radia¬ 
tion  component.  This  may  also  not  be  as  easy  as  it  first  appears  to  be.  Places  where  charge  acceleration 
occurs  on  a  simple  dipole  antenna  may  be  fairly  obvious  after  a  little  thought;  at  the  ends  where  the  cur¬ 
rent  goes  to  zero  because  of  charge  reflection  and  at  the  feedpoint  where  the  excitation  sets  the  charge 
into  motion.  It  may  also  appear  that  charge  is  accelerated  along  the  entire  len^h  of  the  antenna  since  the 
current  varies  periodically  both  in  time  and  direction  all  along  its  length.  But  if  the  charge  is  accelerated 
everywhere,  why  then  doesn’t  the  total  power  radiated  from  a  time-harmonic,  spatially  sinusoidal  cur¬ 
rent  filament  (SCF)  increase  linearly  with  length  rather  than  about  a  mean  value  ^at  grows  as  the  log  of 
the  length  (shown  below)?  This  seems  to  imply  that  not  all  parts  of  that  sinusoid  are  radiating  equally. 
On  the  other  hand,  if  all  of  the  current  isn’t  radiating,  is  it  then  necessary  to  integrate  over  all  of  it  to  ob¬ 
tain  the  radiated  power?  A  more  careful  examination  of  radiation  from  the  SCF  is  considered  next. 

2.0  RADIATION  FROM  A  SINUSOIDAL  CURRENT  FILAMENT 

Because  its  far  field  and  radiated  power  are  analytically  available,  and  it  well-approximates  the  actual 
current  on  a  thin-wire  antenna,  it’s  instructive  to  examine  the  far  field  radiated  by  the  SCF  of  length  L 

I(z)  =  lQsin(©t)sintk(L/2  -  Izl)],  -L/2  <  z  <  L/2  (3) 

for  which  the  far  field  is  given  by 

Eg  «  KjlQ[exp(ikLcos(0)/2  +  exp(-ikLcos(0)/2  -  2cos(kL/2)]exp(-ikrQ)/[rQsin(0)] 

=  Kjloi cos[kLcos(0)/2]  -  cos(kU2)] }exp(-ikrQ)/[roSin(0)].  (4) 

where  K  j  =  jTi/(27C),  with  t)  the  medium  wave  impedance,  and  an  exp(jcot)  time  dependence  is  as¬ 
sumed.  Note  that  (4)  consists  of  three  point  sources  radiating  spherical  waves,  located  at  z  =  ±L/2  and  z 
=  0,  respectively,  except  for  the  sin(0)  term  in  the  denominator.  The  presence  of  this  latter  term,  how¬ 
ever,  significantly  alters  the  situation,  as  can  be  seen  in  the  expression  for  the  total  radiated  power 

Prad  =  (ti/47C)IIo|2{C  +  In(kL)  -  CjOdL)  -h  0.5sin(kL)[Si(2kL)  -  2Sj(kL)]  (5) 

+  0.5cos(kL)[C  +  ln(kLy2)  +  Cj(2kL)  -  2Ci(kL)]} 

where  C  is  Euler’s  constant,  C^  and  Sj  are  the  cosine  and  sine  integrals  and  T|  is  the  medium  impedance 
[Balanis  (1982)].  The  various  non  oscillatory  contributions  in  Eq.  (5),  including  terms  containing 
In(kL),  indicate  that  there  must  be  some  radiation  mechanism  besides  a  simple  three-point-source  model 
also  at  work.  This  is  discussed  further  below. 

2.1  Radiation  from  a  Sinusoid  and  Constant  Current  Compared 
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If  radiation  were  correctly  to  be  simply  attributable  to  current,  then  it  seems  reasonable  to  ex¬ 
pect  that  as  the  amount  of  current  increases,  e.g.,  as  a  filament  gets  longer,  the  radiated  power  would  in¬ 
crease  proportionally.  This  is  not  evident  in  Eq.  (5)  nor  from  numerical  evaluation  of  which  pro¬ 

duces  the  results  plotted  in  Fig.  1  for  a  filament  0  to  2  and  49  to  5 1  wavelengths  long.  The  mean  of  the 
radiated  power  is  seen  to  increase  only  very  slowly  at  large  values  of  L,  while  its  L-dependence  is  more 
pronounced  for  the  smaller-L  range.  Clearly,  however,  the  radiated  power  is  not  linearly  dependent  on 
L  over  the  entire  length-range  shown,  but  does,  it  turns  out,  exhibit  an  average  trend  proportional  to 
log(kL). 


It’s  interesting  to  compare  the  radiated  power  produced  by  a  SCF  with  that  from  a  spatially  uniform  or 
constant  current,  also  plotted  in  Fig.  1  [Miller  (1996a)l.  In  contrast  to  the  sinusoid,  the  power  radiated 
by  the  constant  current  increases  linearly  with  length.  It  seems,  perhaps  not  surprising  given  their  dif¬ 
ferent  spatial  characteristics,  that  the  constant  current  must  embody  different  charge-acceleration  proper¬ 
ties  from  that  of  the  sinusoid,  one  explanation  being  that  to  produce  a  constant  current  requires  a  spatial¬ 
ly  distributed  exciting  field  as  further  discussed  by  Miller  (1996b). 
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Figure  1 .  Power  radiated  by  a  unit-amplitude  sinusoidal  current  filament  of  length  L  in  wavelengths  for  the  range  L  =  0  to  2  and  49 
to  51  (a)  and  power  radiated  by  a  unit-amplitude  constant  current  compared  with  that  of  a  sinusoid  as  a  function  of  current  length 
(b).  The  constant  current  at  first  exhibits  the  well-known  dependence  on  length  squared  up  to  about  0.5  wavelengths  where  it 
changes  to  a  linear  dependence.  The  sinusoid  radiated  power  exhibits  an  oscillatory  behavior  with  a  logarithmic  trend. 


2.2  Oscillating  Current  and  Accelerated  Charge 

Returning  to  the  fundamental  observation  that  accelerated  charge  causes  radiation,  it  would 
seem  to  follow  that  the  average  total  amount  of  accelerated  charge  associated  with  the  SCF  somehow 
grows  only  as  log(kL)  rather  fiian  as  L.  If  this  is  true,  then  it  must  also  follow  that  the  oscillating  charge 
which  superficially  seems  to  accompany  an  oscillating  current  is  not  necessarily  itself  accelerating,  since 
otherwise  a  different  L-dependence  of  radiated  power  would  result  with  increasing  length  of  the  SCF. 
But  how  can  a  charge  oscillate  and  not  be  accelerated? 

The  answer  seems  to  be  that  the  standing  current  wave  of  which  the  SCF  is  comprised,  can  also  be  writ¬ 
ten  as  the  sum  of  two  oppositely  propagating  traveling  waves  initiated  at  the  driving  point  or  source, 
here  taken  to  be  z  =  0.  In  Eq.  (1),  these  current/charge  waves  are  implicitly  assumed  to  be  propagating 
at  a  constant  value  c,  the  speed  of  light,  so  that  the  wavelength  =  c/frequency.  From  this  viewpoint, 
there  is  no  charge  acceleration  along  the  filament,  but  only  at  its  ends  where  reflected  waves  are  pro¬ 
duced.  These  in  turn  propagate  towards  the  opposite  ends  of  the  filament,  where  they  reflect  again.  A 
length-dependent  reflection  can  also  occur  at  the  source,  as  determined  by  the  degree  of  current-slope 
discontinuity  that  exists  there  due  to  a  localized  excitation.  This  latter  effect  evidently  accounts  for  the 
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oscillation  of  the  radiated  power  as  a  function  of  length  [Miller  (1996b)], 

The  reason  for  the  radiated  power  depending  also  on  log(kL)  is  less  obvious,  but  may  be  explained  as 
follows.  First,  let’s  examine  the  in-phase  electric  field  parallel  to  the  current  filament  (the  quadrature 

field  is  reasonably  similar  to  this).  This  field  is  plotted  in  Fig.  2a  at  a  distance  of  10“^  wavelengths  (an 
arbitrary  distance,  but  chosen  as  representative  of  a  thin  wire)  from  the  axis  of  a  filament  20  wave¬ 
lengths  long.  Although  a  purely  SCF  is  known  to  provide  a  reasonably  good  approximation  for  com¬ 
puting  the  far  field  of  a  wire  antenna,  it’s  clear  from  this  plot  that  its  near-field  does  not  yield  a  good  re¬ 
sult  for  the  =  0  boundaiy  condition  required  on  the  surface  of  a  perfect  conductor. 


(a)  In-phase  tangential  electric  field  (b)  Differential  power  for  filament 

Figure  2.  The  in-phase,  parallel  electric  field  produced  by  a  20-wavelength,  sinusoidal  current  filament  at  a  dis¬ 
tance  of  JO"®  wavelengths  from  Its  axis  (a).  As  is  expected,  the  field  is  largest  at  the  ends  of  the  filament,  and 
the  midpoint  of  a  magnitude  dependent  on  the  degree  of  current-slope  discontinuity  that  exists  there. 
Whether  the  midpoint  field  is  positive  or  negative  {or  zero)  depends  on  whether  the  filament  is  an  even  or  odd 
(or  half-integer)  number  of  wavelengths  long.  The  differential  power  for  a  20- wavelength,  sinusoidal  current  fila¬ 
ment  (b),  is  obtained  from  0.5Re[E{an{z)l‘(z}]-  By  examining  other  lengths  [Miller  (1996b)],  it’s  found  that  the  end 
contribution  is  basically  independent  of  filament  length  whereas  that  from  the  center  changes  systematically  with 
length  and  is  responsible  for  the  oscillation  seen  in  the  total  radiated  power.  The  differential  power  away  from 
these  two  regions  Is  inversely  proportional  to  distance  from  the  end  and/or  center,  accounting  for  the  loqfkL) 
dependence  of  the  mean  power. 

What  this  [and  similar  field  plots  in  Miller  (1996b)]  demonstrates  is  that  for  a  purely  sinusoidal  current 
to  be  excited  on  a  perfectly  conducting,  thin  wire,  solved  as  a  boundary-value  problem,  single-point  ex¬ 
citation  would  not  suffice.  Rather,  the  excitation  would  have  to  be  distributed  along  the  entire  length  of 
the  wire  so  as  to  cancel  the  complex  tangential  electric  (scattered)  field  produced  by  the  sinusoidal  cur- 
rent.  Thus,  power  would  be  provided  to  the  antenna  all  along  its  length  as  well,  with  the  ends  and  cen¬ 
ter  “feedpoint”  apparently  the  regions  where  most  of  the  source  power  would  be  delivered.  Since  an  ap¬ 
plied  field  causes  charge  acceleration  we  might  expect  that  the  sinusoidal  current  would  radiate  along  its 
length  in  an  analogous  fashion. 

It  s  possible  to  evaluate  the  input  power  needed  to  produce  a  sinusoidal  current  on  an  actual  wire  having 
a  radius  equal  to  the  field  offset  from  the  filament  axis  by  computing  the  integral  of  the  differential 
power  along  the  filament,  a  computation  that  also  yields  the  radiated  power.  This  is  the  induced  EMF 
method  that  was  widely  used  before  computer  models  for  such  problems  were  available.  It  required  a 
reasonable  approximation  for  the  current  from  which  Ef3n(z)  could  be  obtained  and  the  integral  thus 

performed.  This  can  be  regarded  as  a  generalization  of  the  special  case  where  the  tangential  electric  field 
due  to  the  induced  current  is  zero  everywhere  along  a  wire  except  in  the  feed  region  where  the  wire  is 
excited  and  where  the  input  power  can  be  obtained  from  0.5Re]VgxI*]- 

In  order  to  illustrate  the  spatial  characteristics  of  the  power  flow  associated  with  the  SCF,  a  plot  of 
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0.5Re[E^(z)I*(z)]dz,  the  differential,  or  per-unit-length  power,  is  included  in  Fig.  2,  for  the  same  20- 

wavelength  filament.  The  end  contributions  for  this  case  is  within  1%  or  so  of  those  obtained  for  fila¬ 
ments  varying  between  20  and  21  wavelengths,  about  3.4  watts/wavelength.  The  constancy  of  the  end 
contribution  seems  reasonable,  in  that  an  end-reflected  unit-amplitude  wave  can  be  exp>ected  to  generate 
a  fixed  amount  of  power  regardless  of  the  filament  length.  The  primary  length  dependence  is  due  to  the 
degree  to  which  power  is  provided  at  the  midpoint  region,  and  to  a  lesser  extent  in  the  region  between 
the  midpoint  and  the  ends. 

The  origin  for  the  log(kL)  dependence  of  the  mean  power  in  Eq.  (5)  is  apparent  from  Fig.  2.  It  can  te 
observed  there  (and  confirmed  from  the  numerical  data  and  the  analytical  field  expressions)  that  the  dif¬ 
ferential  power  decreases  inversely  proportional  to  distance  from  the  ends  and  center  of  the  filament. 
Since  integrating  dx/x  produces  log(x),  the  log(kL)  terms  in  the  radiated-power  expression  seem  to 
come  from  this  contribution.  Thus,  a  simple  sinusoid  must  radiate  appreciably  along  its  entire  length. 
Note  that  the  integral  of  0.5Re[Et^(z)I*(z)]  along  the  filament  agrees  to  within  5%  or  so  with  (5),  con¬ 
firming  the  applicability  of  the  EMF  method  for  the  radiated-power  computation  for  even  a  simulated 
wire  consisting  of  only  a  current  filament.  The  log(kL)  trend  apparently  must  be  due  to  the  sin(0)  in  the 
denominator,  as  otherwise  the  radiation  field  is  the  sum  of  three  spherical  waves  whose  total  power 
would  only  be  oscillatory  with  L.  In  effect,  the  sin(0)  term  causes  the  point  sources  to  have  angle- 
dependent  amplitudes,  resulting  in  the  log(kL)  dependence. 

Additional  calculations  were  done  for  a  center-fed  dipole  using  NEC  to  detemune  if  the  log(kL)  radiated- 
power  trend  is  a  property  shared  by  a  real  antenna.  The  radius  was  maintained  at  a  constant  value  of 
0.001  X  while  the  dipole  length  and  number  of  segments  were  systematically  increased  over  an  UX 
range  of  1 .0  to  10.  The  input  (and  radiated)  power  needed  to  produce  a  current  of  unit  amplitude  at  the 
first  maximum  away  from  the  source  was  then  determined,  for  comparison  with  the  SCF  result,  and  is 
plotted  in  Fig.  3,  where  SCF  results  are  included  for  comparison.  It’s  interesting  to  see  that  the  NEC 
solution  also  exhibits  a  log(kL)  trend,  and  overlays  the  SCF  result  over  most  of  the  power  range  except 
at  the  higher  values  where  it  becomes  systematically  less  than  the  SCF  result  with  increasing  L.  Since 
the  power  maxima  occur  where  source-region  radiation  is  a  maximum,  this  difference  suggests  that  it 
may  be  due  to  a  difference  in  how  the  source  is  treated.  Apparently,  the  SCF  and  NTC  currents  are  very 
similar  with  respect  to  how  their  total  radiated  powers  depend  on  length,  a  somewhat  unexpected  result. 
For  comparison,  a  line  is  also  included  on  Fig.  3  that  shows  the  power  radiated  by  an  infinite,  circular 
antenna  having  a  1-amp  maximum  current. 


Figure  3.  Radiated  power  from  a  sinusoidal  current  filament  360  . .  ^ 

and  NEC  model  of  a  dipole,  as  a  function  of  length.  The  — ■ —  infinite  Antenna  unii-curreni  prou 

NEC  results  agree  within  a  few  per  cent  of  the  SCF  over  3qq.  -  sinusoid.  Large  kl  app. 

most  of  the  curve,  but  depart  sykematically  towards  the  high-  , 

er  values  of  radiated  power.  The  NEC  minimum  power  val-  t;  ,  NEc^umt-cur^nt  Prad 

Ues  lie  on  a  curve  modeled  by  A  +  Blog(kL).  5  240-  .  Envelope  of  Minimum  PRad 

3.0  OTHER  MANIFESTATIONS  OF  a  A  A  / 

RADIATION  I  £  A  M  r)  fi  f 

A  wide  variety  of  phenomena  can  offer  insight  cl 
concerning  EM  radiation.  A  few  of  the  exam-  "g  120- 

pies  accumulated  by  the  author  follow  below.  ^  A.  /  \  i  1  u  V  v  V  V 

3.1  The  «Kink”  Model  of  |  60  / 

Radiation  Fields 

The  finite  propagation  speed  of  EM  — - - ' - - - > - - - > - 

waves  makes  possible  a  graphical  presentation  0  2  r-  i  ®  i  ^ 

for  depicting  the  electric  fields  of  accelerating  Antenna  or  Filament  Length 

charges,  thus  providing  a  visual  illustration  of  (wavelengths) 

their  radiative  ^havior.  The  basis  for  the  field- 

kink  model  is  illustrated  in  Fig.  4,  where  a  point  charge,  originally  at  rest  at  position  1,  is  abruptly 


_ Best-FIl  to  NEC  PMIn 

3B.9  36.7*l0G(kL) 

2  4  6  8 

Antenna  or  Filament  Length 
(wavelengths) 
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moved  a  short  distance  to  new  position,  2.  The  electric-field  lines  that  terminated  on  the  charge  at  its  ini¬ 
tial  position  require  a  finite  time  to  adjust  to  the  new  location.  This  time  “retardation”  means  that  infor¬ 
mation  about  the  charge’s  move  reaches  an  observation  point,  r,  centered  on  the  charge’s  original  posi¬ 
tion,  after  a  propagation  time  t  -RJc  where  R  is  the  distance  from  r  to  2.  Because  the  new  E-field  lines 

point  to  position  2  while  the  original  ones  point  to  posi¬ 
tion  one,  an  non-radial,  or  transverse,  component  is 

Vy'  needed  to  make  them  continuous,  forming  a  wave- 

propagation  front,  as  shown  in  the  figure.  This  is  the 
radiation  component  produced  by  the  charge’s  accelera- 
>  ^  tion. 


I  Figure  4.  Fleld-kink  model  for  depicting  radiation.  Using  the  propa- 

_ _ L*  \  _ ►  gation  speed  of  EM  waves  and  the  continuity  of  E-fie!d  lines  in  a 

y/  \  2  charge-free  region,  a  simple  model  can  be  developed  that  illustrates 

y/  \  how  a  non-radial,  or  transverse  field  is  caused  by  charge  accelera- 

/  tion.  The  kinked  lines  only  occur  when  charges  are  accelerated: 

charges  in  uniform  motion  have  a  radially  directed  field  accompany- 
y^  ing  them  whose  density  per  unit  solid  angle  becomes  non-uniform 

y/  when  the  speed  approaches  c  [Jackson  (1975)]. 


3.2  Imaging  Current  Distributions 

One  of  the  earliest  examples  of  microwave 

holography  is  due  to  Izuka  and  Gregoris  (1970)  who  _  _ 

measured  the  near  field  of  a  10- wavelength  monopole 
and  generated  an  optical  image  of  the  result  in  various 
planes  relative  to  the  monopole’s  location.  Some  results 
from  this  experiment  are  shown  in  Fig.  5,  where  the 
image  in  the  plane  of  the  monopole  is  seen  to  consist  of 
two  bright  spots,  at  the  end  and  feedpoint,  showing 
where  the  predominant  sources  of  radiation  appear  to  be 
located. 


Figure  5.  Results  from  microwave-holography  experiment  of  Izuka  and - 

Gregoris  (1970).  Part  (a)  is  a  photograph  of  the  monopole,  while  opti-  ’ 

cally  reconstructed  field  distributions  are  shown  (b)  at  the  antenna 
plane,  (c)  at  a  plane  in  the  Fresnel  region,  and  (d)  at  the  Fraunhofer 
region. 


It’s  also  possible  to  develop  images  from  far-field  data. 

One  way  to  do  this  is  to  process  the  data  using  Prony’s 
Method  [^^le^  and  Lager  (1983)],  an  example  of  which 
is  shown  in  Fig.  6.  Because  the  most  straightforward 
application  of  irony’s  Method  requires  that  the  ampli¬ 
tudes  of  the  exponential  series  be  independent  of  the  ob¬ 
servation  variable,  the  field  values  were  first  multiplied  (c)  (‘^ 

by  sin(9)  to  remove  the  effect  discussed  in  connection 

with  Eq.  (4).  A  number  of  computer  experiments  using  this  imaging  technique  consistently  found  dis¬ 
crete  sources  to  be  located  at  points  where  charge  acceleration  is  expected  and  which  are  thus  expected  to 
be  sources  of  radiation. 

3.3  Body  Resonances 

Another  kind  of  pole,  those  due  to  object  resonances,  can  also  be  insightful  concerning  radia¬ 
tion,  although  in  a  less  direct  way  than  the  space  poles  just  discussed.  Some  results  for  body- 
resonance,  or  SEM  (singularity-expansion  meth<^),  poles  are  shown  in  Fig.  7.  The  imaginary,  or  os- 


cillatory,  axis  is  vertical  with  the  loss  axis  being  horizontal  on  these  plots.  Results  for  a  nearly  strmght 
wire  (there  are  15  deg  bends  one  quarter  of  the  way  from  each  end)  are  compared  with  those  for 
lar  loop  and  a  wire  having  a  right-angle  bend  at  its  center,  with  all  wires  being  of  the  same  length.  The 
increased  loss  component  of  the  loop  is  due  to  its  continuous  curvature,  which  results  in  a  directions 
charge  acceleration  along  it.  Also,  it  has  half  as  many  resonances  per  unit  frequency  change  as  the 
straight  wire  because  it  can  support  only  even  current  modes.  The  bent  wire,  by  comparison,  has  two 
layers  of  poles,  with  the  less  lossy  layer  being  similar  to  those  for  Ae  straight  wire.  The  alternate  ones, 
however,  associated  with  the  odd  modes  having  a  current  zero  in  the  center,  are  substantially  more 
lossy,  due  to  the  associated  charge  maximum  there  and  the  consequent  directional  acceleration  as  the 
charge  moves  around  the  bend. 


Figure  6.  Space  poles  determined  from  applying 
Prony’s  Method  to  the  far  field  scattered  by  a  plane 
wave  from  a  nine-wavelength-long  wire  for:  (a)  broad¬ 
side  incidence,  (b)  5  deg  from  broadside,  (c)  30  deg 
from  broadside,  and  (d)  60  deg  from  broadside  [Miller 
and  Lager  (1983)].  Poles  are  shown  in  a  complex 
space  plane  where  the  pole  position  corresponds  to 
exp[kcos0(dre  -itljm)!-  so  fhat  a  purely  imaginary  pole 
is  located  in  real  space,  and  an  imaginary  component 
implies  angular  directivity.  The  amplitude  of  each 
source  is  indicated  by  tie  vertical  lines  on  a  three- 
decade  log  scale.  At  broadside  incidence,  the  source 
poles  are  about  one-half  wavelength  apart,  evidently 
due  to  the  uniform  excitation  along  the  wire’s  length, 
with  a  transition  to  GTD-iike  behavior  of  near-axial  in¬ 
cidence. 


Figure  7.  Pole  results  for  a  (a)  a  circular  loop  and  (b)  a  bent  wire,  both  shown  by  •.  compared  With  a  straight  wire  of  the  same 
length  shown  by  x.  The  real  part  of  a  pole  is  the  loss  component  and  the  imaginary  part  is  the  oscillatory  component.  The  system¬ 
atic  difference  between  these  pole  plots  for  wires  of  the  same  length  is  due  to  their  different  geometries  and  the  consequent  effect 
on  how  the  object  radiates.  Increased  pole  loss  (the  negative  real  axis)  signifies  a  corresponding  increase  in  radiative  loss,  due  to 
the  added  charge  acceleration  that  the  circular  loop  and  bent  wire  cause  relative  to  a  straight  wire. 
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Figure  8.  Early-time,  space-time  contour  plots  of  the  electric  field  produced  by  an  impulsively  excited,  center-fed  straight  wire  on 
approximately  the  same  scale  [Miller  and  Landt  (1980)].  The  near  field  shown  in  the  left-hand  plot  and  the  far  field  in  the  right 
identify  the  sources  of  radiation  as  the  wire  center  and  the  two  ends,  places  where  maximum  charge  acceleration  occurs. 

4.0  CONCLUDING  COMMENTS 

Were  it  not  for  the  process  of  radiation,  electromagnetics  would  be  a  much  diiferent  subject.  Yet,  the 
physical  basis  for  radiation  does  not  seem  to  be  well-understood,  at  least  in  terms  of  unambiguously  and 
quantitatively  determining  the  incremental  contribution  that  each  part  of  a  source  distribution  makes  to 
the  total  power  it  radiates,  even  though  Maxwell’s  equations  show  that  charge  acceleration  is  the  only 
way  to  produce  a  radiation  field.  It’s  undeniable  that  the  mathematical  and  computational  tools  that  are 
available  provide  correct  solutions  to  a  wide  variety  of  problems,  so  perhaps  attempting  to  develop  a 
charge-acceleration-based  perspective  of  EM  is  not  necessary.  On  the  other  hand,  if  a  clear,  quantitative 
answer  to  the  question  “Why  and  from  where  does  an  object  radiate?”  can  not  be  given,  can  we  claim  to 
have  an  adequate  comprehension  of  electromagnetic  physics? 
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1,  Summary 

This  paper  will  validate,  by  specific  examples,  general  expressions  for  the  total  energy  radiated  during 
a  time  interval  T  by  a  space-time  charge  current  distribution  on  an  antenna  surface  or  in  free  space.  The 
examples  include  an  accelerating  "electron”,  a  triangular  distribution  of  sinusoidal  current  on  a  straight 
dipole,  and  a  uniform  sinusoidal  current  on  a  circular  !oop._T'he  gener^expression  is  W'rad  of  Uq.  (2). 
derived  from  the  Panofsky-Phillips'  expressions  for  the  fields  E{r,i)  and  The  integrand  of  Eq.  (2) 

contains  a  J*(9J/^-component  which,  when  applied  to  the  spherical  electron  of  uniform  charge  density,  yields 
the  power  to  accelerate  the  electron,  The  ‘'kinetic  energy"  mass,  mte  is  twice  the  classical  mass 

evaluated  from  the  electrostatic  energj'  required  to  construct  the  electron,  m^e  represents  this  electrostatic 
energy  pins  the  electric  field  energA-  stored  inside  and  outside  (to  cc)  the  electron. 

This  component  of .]  •  dJ  jdt  is  the  power  required  to  accelerate  the  electron  mass  consisting  of  initial 
field  energy,  distinct  from  the  power  radiated  to  the  radiation  sphere! 

By  expanding  =  i  -  Rjc)  and  similarly  with  i?  =  jr  —  r'l  in  Eq.  (2)  in  a  Taylor  series 

in  powers  of  R/c  about  t  we  find  the  two  predominant  non-kinetic  energy  terms  yield  the  power  radiated  by 
an  accelerating  electron,  as  evaluated  from  the  Poynting  vector  on  the  radiation  sphere. 

For  sinusoidal  steady  state.  T  =  'Injijj.  and  we  obtain  the  time-average  radiated  power  of  Eq.  (81).  This 
contains  no  kinetic-power  component,  it  yields  the  correct  power  radiated  by  the  straight  dipole  and  loop 
described  above. 

Eqs.  (2)  and  (31)  assume  that  the  excitation  to  support  a  given  charge-current  distribution  is  provided, 
and  that  any  boundary  conditions,  which  might  be  imposed  on  antenna  surfaces,  are  satisfied.  This  implies 
generator  support  of  tangential  E-field  which  might  otherwise  fall  on  perfectly  conducting  surfaces. 

Eqs.  (2)  and  (31)  are  convenientmatiiemafica/ statements  of  energy  radiated  (including  the  flow  into 
kinetic  energy)  due  to  charge-current  interactions  but  do  not  explain  fully  the  radiation  physics. 

2.  Derivation  of  Eq.  (2)  for  UVad. 

This  derivation  from  Eq.  (1), 

WradiT)  =  -  J  dt  dSE{f,t]*7{y,i),  (1) 

is  carried  out  in  the  Appendix  from  the  Panofsky-rhiUips'  expressions  [1]  for  E{T,t)  and  H{r.t).  The 
iutegrauu  of  Eq.  (i)  is  evaluaicu  from  the  near-  and  far-nclu  cOinpunentS  of  these  fields  and  tlieir  vector 
and  scalar  potentials.  The  power  flowing  into  spatial  stored  energy  (distinct  from  the  "mass"  field  energy) 
is  evident  and  is  separated  out.  Upon  integrating  some  of  the  terms  in  the  final  excpression,  Eq.  (A18).  by 
parts  over  time  we  obtain  Eq.  (2): 


=  ^  f  dt<f  dS  i 
Jt  Js„  Is. 


JCt  ^  f  ^  jnI 


r  ^  , 


,  E  d  ^,^'1 


where  R  =  r  —  r' ,  R  —  ji?j,  and  c  is  light  velocity. 

Notice  the  integrand  of  Eq.  (2)  does  not  represent  instantaneous  pow'er  Prad{t)  radiated  at  time  l 
because  of  the  time-integration  by  parts  in  its  derivation.  The  rule  for  obtaining  instantaneous  power  terms 
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We  conclude  Pi  is  consistent  with  our  non-quantum  description  of  the  electron. 


3.2  TheJ(r.t)j(f' ,t)  —  term  in  Eg.  (7) 


The  R-factors  cancel,  and  when  we  integrate  by  parts  over  time,  from  the  beginning  to  the  end  of  the 
response,  we  obtain 

P^=^^jdvJ  dV'j(f.t)J{T'j)  (11) 

J  —  qv{i)  and  J  zz  qv  -{■  qi\  with  q  =  -dJ/dz]  the  only  term  which  survives  the  z-integration  is  the 
portion.  Since  J  qdV  =  — e  we  obtain  • 


P2  = 


4  ire 


This  is  larger  than  the  power  obtained  by  integrating  the  Poynting  vector  over  the  radiation  sphere. 


(12) 


3-3  The.J{r.t)Jr' ,t)  —  term  in  Eg.  (7) 


Here  we  evaluate 

73  =  j  dV  j  dV'^J{rA)  J{¥,i)  (13) 

We  can  integrate  by  parts  over  time  twice  and  obtain 

73=/  dV  J dV'^J{T.t)j{r'-A)  (14) 

We  can  interchange  r  and  f'  in  Eq.  (13)  without  changing  R,  again  integrate  by  parts,  and  obtain  the 
negative  of  Eq.  (14),  Hence  Eqs.  (13)  and  (14)  add  to  zero! 

4,  The  [J{r.t)q(f' .f)  —  q{r.i)J{r' .t')]  cross  terms 

The  cross-term  integrand  in  Eq.  (2)  is,  with  J  =  d:J , 


(15) 


Integration  over  time  by  pans  of  the  second  term  yields,  for  q  =  -dJ (dz  and  fixed  R  =  p  —  p'  -p  a-(i'  —  z'), 

(16) 

The  easiest  way  to  see  that  this  integrates  to  zero  over  2  and  z'  for  fixed  p  and  'p  is  to  index  the  r  and 
z'  coordinates  by  n  and  n',  such  that  =  zo  -i-  'nhz.  etc.  Then  we  evaluate  J  dz  f  dz'  as 


In  the  second  sum  change  n  -f  1  and  n'  to  n  and  n'  -  1  for  the  portion  and  n  -  1,  n'  to  n,  n'  +  1  for 

the  J„_i-ponion.  This  doesn't  change  R.  Than  that  sum  reads 

0(~n-l  ~  •.  i')  —  E!  \  ~  -r'+l  )*^rj'  +  l(7’  r^^)r  (18) 

n  n'  n  n' 

This  exactly  cancels  the  first  sum  in  Eq.  (17). 
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With 


[dp  I  fd2  f  dz'j{p..2,i)j{p\z'j) 

oArrcJ  J  J  J 


Jir,t)  =  gv  ^  gi-  =  ~vit)  q{rA)i 


and  similarly  for  j{r'.i),  we  see  the  i-term  integrates  over  z  to  zero.  The  final  result  is 


cfV;9(no') 


(26) 


(27) 


(28) 


When  this  is  added  to  Eq.  (12)  for  the  J J-contribution  to  the  radiated  power  we  obtain  the  correct 
instantaneous  power  radiated  by  an  accelerating  electron, 


p  _2Moe"  3 

6.  The  sinusoidal  steady  state,  time-average  power  radiated. 

For  sinusoidal  steady  state,  T  =  27r/;j,  and  we  substitute 

7(r,t)  =  +  complex  conjugate]  =  i?ea/ [j(r)e-'^‘] 

and  obtain  for  the  time-average  radiated  powder,  Prad-. 

T’radf-)  =  -\Real  I  t{r)*J{r)dS  =  ^Rcal[juj  i  dSdS' [j^r)  *  .J{r)  -  (?)g(-')] 


etc. 


(29) 


(30) 


The  two  .]q  cross  terms  have  cancelled. 

6.1  A  straight  dipole  of  length  2£c  along:tht  z  -  axis,  with  a  triangular  distribution  of  sinlusoidal 
current  of  amplitude  1  at  lou:  frequency. 

Eqw.  (31)  can  be  evaluated  independent  of  the  dipole  radius.  Approximating  exp[—jkR)  as  1  —  jkR  + 
-f-  \{-jkRf,  with  R=\z-  z'\,  we  find  the  J*(c)  •  J(r')-contribution-via  the  -jkR  term  in  this 
expansion  is  [3] 

r~,  (u.‘fo)“  (^^o)'A^O 

The  first  term  to  contribute  in  the  9’'(;)5(~')-product  comes  from  the  {-jkRf-tevm  in  the  above  expansion 
(!),  and  yields  — jA-  So  the  total  time-average  radiated  power,  equated  to  ^J{Q)‘^Rrad  yields  the 

correct  radiation  resistance: 


Prorf  =  20(Ho)".  k^w/c  (33) 

6.2  A  small  circular  loop  of  radius  ap  and  spatially  uniform  sinusoidal  current  of  amplitude  1. 
__ 

Now  the  first  term  to  contribute  is  the  (-jT'P)Merra  in  the  preceding  expansion  for  J*(r)  •  j(r').  The 
result  of  the  double  integration  around  the  circle  of  radius  oq  in  Eq.  (31)  is: 
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p  _  { ^ii££ 

~  12  I  c 


(34) 


and  this  yields  the  correct  low-frequency  radiation  resistance,  Kr  - 

R,  =  20:T'^{kao)\ 


(35) 


7.  Interpretation  of  these  results 

Eqs.  (2)  and  (31)  are  the  result  of  radiation  moMemotzcs  but  do  not  explain  fully  the  radiation  physics. 
Radiation  is  ordinarily  ascribed  to  charge  acceleration,  but  the  only  acceleration  term  in  Eq^  (2)  is  the 
q{f' .t’)dvif' ,f  )/dt-teTrr\  from  dl/di,  and  this  may  not  dominate  the  remaining  dqjdtv)-  and  R/Rdcqjdi- 
terms.  The  equation  only  says  that  we  can  evaluate  the  radiated  energy  by  integrating  over  space-time  the 
■‘coupling"  between  one  charge-current  pair  and  the  time  derivative  of  another  charge-current  pair. 

The  physics  of  radiation  are  even  more  obscure  in  Eq.  (31),  where  there  is  no  obvious  acceleration  term. 
It  merely  says  that  we  can  evaluate  the  time-average  pow'er  by  integrating  over  current  density  pairs  and 
charge  density  pairs,  each  pair  multiplied  by  the  Green  function. 
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Appendix.  Outline  of  one  derivation  of  Eq.  (2 ) 

This  derivation  could  be  carried  out  directly  from  Eq.  (1)  and  Eqs.  (A1)-(A3)  below,  but  instead  is 
based  on  near-  and  far-held  expressions  and  their  potentials. 

The  Panofsky-Phillips’  expressions  for  the  space-time  electric  and  magnetic  helds  due  to  surface  charge 
q{r,t)  and  surface  current  J{r,t)  are 


E(r.t)  —  Ene  "b  Eras 

where  the  near  (ne)  and  radiation  (ra)  components  are 


47reo  /5„  c  Js,, 


Er.= 


([J]  X  R]x  R 
'  R^ 


with  the  definitions 


[7]  =  Jir',t'^t-R/c),  [q]  =  qir,t'),  A' =  ^  R={r-r>),  R  =  \R\  . 


(.41) 


(A2) 

(.43) 


The  associated  magnetic  held  is 


H{f,t)l=Hr,,  -b  Hra, 


(.44) 


where 


254 


Equivalently,  adding  Eqs.  (A  12)  and  (A  15)  we  obtain 

-  j  'E*ldS=  ^^„,q+7»Anf  +  Ora<i^J*^rJ^d5 

Taking  dt  of  Eqs.(  A16)  and  (A17)  we  find 

-Jdij  E*7dS  =  Wrad=  I +  J*ie  +  pra9  + 

Substituting  Eqs.  (A6)  and  (A7)  and  V*7  =  -q  and  integrating  the  first,  third,  and  fourth  terms  by 
parts  over  time  we  obtain  an  expression  in  which  one  more  term  must  be  integrated  over  time  by  parts  to 
obtain  the  final  Eq.  (2). 


dS 


(.417) 


(A18) 
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Abstract  -  This  paper  is  to  provide  an  intu¬ 
itive  introduction  to  the  fundcunental  phe¬ 
nomena  which  result  in  antenna  radiation. 
It  is  tutorial  in  nature,  and  written  such 
that  practical  antenna  experimenters,  as 
well  as  CEM  practitioners,  may  acquire  a 
useful  appreciation  of  what  contributes  to 
antenna  operation  at  the  most  basic  level. 
The  concepts  discussed  here  are  refined 
and  extended,  analytically  and  computa¬ 
tionally,  by  other  authors  in  separate  pa¬ 
pers. 

I.  I.  Introduction 

To  facilitate  discussion,  the  specific  context  of 
vire  antennas  (the  A/2  dipole,  in  particular),  op¬ 
erated  at  frequencies  in  the  3-30  MHz  HF  range, 
has  been  chosen.  The  discussion  begins  with 
some  background  information  which  contributes 
to  subsequent  examination  of  basic  operational 
mechanisms. 

First,  consider  causing  a  radiated  field  by  the 
periodic  oscillation  of  a  single  electron  about  an 
equilibrium  point.  If  one  could  grasp  an  elec¬ 
tron  with  a  tiny  pair  of  non-conducting  tongs  and 
wave  it  back  and  forth  over,  say,  a  10  cm  dis¬ 
placement  at  a  rate  of  5  oscillations  per  second, 
a  nearby  sufficiently  sensitive  receiver  tuned  to  a 
wavelength  of  60  Mm  would  detect  the  resultant 
electromagnetic  signal. 

The  free  electrons  in  an  electric  conductor 
(copper,  for  example)  are  able  to  travel  freely  in 
the  interatomic  space  imder  the  influence  of  any 
electric  fields  that  are  present.  Alternating  cur¬ 
rent  in  an  antenna  wire  is  simply  the  net  effect 


of  a  massive  electron  migration;  individual  elec¬ 
trons  still  oscillate  about  their  respective  average 
positions  and  emulate  the  single  electron  in  the 
rudimentary  experiment  above. 

It  is  relevant  and  informative  to  calculate  some 
typical  displacements  and  speeds  for  free  elec¬ 
trons  in  an  electric  conductor.  Consider  a  wire 
antenna  of  #10  gauge  copper  wire,  and  subjected 
to  an  electric  field  excitation  at  20  MHz  so  that 
the  rms  antenna  current  at  the  plane  of  inter¬ 
est  is  1.0  Ampere.  The  diameter  of  #10  AWG 
wire  is  101.9  mils,  there  are  n  =  8.4  x  10^^  free 
electrons/m^  fl],  and  each  electron  represents 
e  =  1.602  X  10“^®  Coulombs.  The  skin  depth 


at  20  MHz  is  1.48  x  10“^  m.  For  an  approxi¬ 
mate  calculation,  a  simplifying  assumption  that 
the  current  is  accounted  for  in  a  thickness  of  twn 
skin  depths  is  taken,  so  the  area  associated  with 
the  current  flow’  is  approximately  2.41  x  10“"  m^. 
For  sinusoidal  oscillations,  the  average  free  elec¬ 
tron  drift  velocity  in  the  ware  is  then 

and  the  peak  speed  is  about  4.8  x  10“'^  m/s.  Since 
at  20  MHz,  the  oscillations  are  repetitive  with 
period  T  =  50  nanoseconds,  a  free  electron  can 
only  travel  on  the  order  of  8  x  10”^^  m  during  a 
half  cycle.  A  surprising  number  of  graduate  elec¬ 
trical  engineers  believe  that  electrons  flow’  back 
and  forth  from  one  side  of  a  center-fed  A/2  di¬ 
pole  to  the  other,  but  the  reality  is  that  their 
motion  is  quite  localized!  These  displacements 
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are  nonetheless  quite  significant  relative  to  the 
size  of  an  electron,  however,  as  the  classical  ra¬ 
dius  for  an  electron  is  a  minuscule  1.41  fin  [2], 

More  impressive  than  the  electron  displace¬ 
ments  is  the  associated  accelerations.  At  20  MHz, 
electrons  are  accelerated  from  zero  to  peak  speed 
in  1.25  X  10“®  second  or,  conversely,  decelerated 
from  peak  speed  to  zero  in  the  same  amount  of 
time.  Therefore,  the  average  acceleration  over 
a  quarter  cycle  is  approximately  38,640  m/s^, 
equivalent  to  3,943  p’s  (where  acceleration  unit 
g  =  9.8  m/s^). 

In  general,  fields  divide  into  velocity  fields, 
which  are  independent  of  acceleration,  and  ac¬ 
celeration  fields  [3].  The  velocity  fields  are  essen¬ 
tially  static  fields  and  decay  wdth  the  inverse  of 
distance  squared  (i.e..  as  r“^);  on  the  other  hand, 
acceleration  fields  are  typical  radiation  fields  and 
fall  off  as  r~^.  An  accelerating  or  decelerating 
electron,  therefore,  is  a  source  of  electromagnetic 
radiation. 

II.  Fields  of  an  Oscillating  Single 
Electron 

The  coulomb  field  of  a  stationary  electron  is  il¬ 
lustrated  by  the  common  depiction  of  Figure  1. 
The  coulomb  field  is  always  present,  whether  the 
electron  is  in  motion  or  not,  but  is  electrostatic  in 
nature.  This  most  elementary  field,  it  turns  out, 
is  critical  to  the  successful  operation  of  antennas. 

Assume  now  that  we  mechanically  oscillate  the 
electron  at  a  radio  frequency  rate.  The  oscilla¬ 
tory  motion  gives  rise  to  two  new  fields  which 
are  qualitatively  discussed  in  this  section,  namely, 
the  magnetic  field  and  the  dynamic  electric  field. 

By  moving  the  electron,  a  small  current  is  cre¬ 
ated,  and  that  current  is  accompanied  by  a  mag¬ 
netic  field  (vdth  field  orientation  in  accord  with 
the  right-hand  rule).  The  oscillating  current  as¬ 
sociated  with  the  electron  may  be  analyzed  as  a 
short  electric  dipole  [4],  which  provides  the  con¬ 
clusion  that  the  phase  of  the  magnetic  field  at 
the  electron’s  “surface”  has  negligible  lag,  expe¬ 
riences  a  small  lag  out  to  a  radius  of  ^  and  then, 
for  larger  radial  distances  r,  settles  at  a  constant 
rate  of  360°  per  wavelength.  Numerous  textbook 


analyses  show  that  the  field  energy  at  distances 
up  to  ^  is  mostly  stored,  and  becomes  mostly  ra¬ 
diated  at  larger  distances  from  the  current  source. 


electron. 

The  other  new  field  resulting  from  the  elec¬ 
tron’s  acceleration/deceleration  is  also  an  electric 
field,  referred  to  as  the  dynamic  electric  field  be¬ 
cause  of  its  dynamic  origin.  It  is  useful  to  ^iew 
the  dynamic  electric  field  as  two  components,  one 
of  which  is  referred  to  as  the  radiation  field  and 
the  other  as  the  induction  field.  The  distinc¬ 
tion  between  the  two  is  that  one  is  in-phase  with 
the  magnetic  field  and  the  other  is  90°  out  of 
phase  vdth  the  magnetic  field.  The  excitation 
current  has  been  taken  to  be  sinusoidally  oscillat¬ 
ing  along  a  line  in  space  and,  since  the  system  is 
linear,  the  response  induction  and  radiation  fields 
also  vary  sinusoidally  at  the  same  frequency.  It 
can  be  shovm  [4]  that  the  induction  and  radia¬ 
tion  fields  become  equal  in  magnitude  at  the  dis¬ 
tance  ^  broadside  to  the  small  length  of  current 
formed  by  the  oscillating  electron.  The  radiation 
field  decays  much  less  rapidly  than  the  induction 


257 


field,  however,  and  thus  quickly  becomes  dom¬ 
inant  with  increasing  distance  from  the  source. 
In  most  practical  applications,  engineer  are  con¬ 
cerned  with  the  transmission  of  energy'  by  the 
radiation  field  produced  by  masses  of  oscillating 
electrons,  at  relatively  large  distances. 

III.  Kink  Concept  of  Acceler.\ting 
Electron  Radiation 

Consider  the  event  illustrated  in  Figure  2,  where 
an  electron  initially  at  rest  at  point  A  is  accel¬ 
erated  very  briefly  toward  point  B.  Assume  that 
the  electron  continues  at  constant  speed  toward 
the  right  after  the  brief  acceleration  period  ends. 
Take  reference  time  t  =  0  to  be  the  time  when 
acceleration  of  the  electron  (at  point  A)  begins, 
let  t  =  te  be  the  time  at  which  acceleration  ends 
and.  finally,  let  the  time  of  passage  through  point 
Bhet  =  to-  Hence,  0  <  tg  <  to- 

Note  that  the  larger  dotted  circle  in  Figure  2 
is  centered  at  point  A.  Its  radius  is  equal  to  the 
distance  an  electromagnetic  wave  in  free  space 
travels  in  time  to-  The  field  outside  this  circle  at 
time  to  is  the  coulomb  field  for  the  electron  at 
rest  at  point  A  up  to  time  t  =  0. 

The  smaller  dotted  circle  is  centered  on  the 
point  where  the  acceleration  ends  (just  slightly 
to  the  right  of  point  A),  and  its  radius  is  the 
distance  an  electromagnetic  wave  travels  in  time 
to  —  tg-  The  distance  between  points  A  and  B  is 
quite  small,  in  accord  with  the  earlier  displace¬ 
ment  calculations,  and  has  been  exaggerated  in 
the  figure  for  clarity.  The  field  inside  the  smaller 
circle  at  time  to  is  a  moving  coulomb  field  cen¬ 
tered  on  the  electron’s  present  position  at  point 
B. 

The  gap  between  circles  represents  the  distance 
of  propagation  in  time  tg  —  0  =  tg,  while  the  elec¬ 
tron  is  being  accelerated.  The  field  lines  in  the 
gap  region  must  be  intermediate  to  the  values  on 
the  circles,  and  connecting  the  field  hnes  across 
the  gap  results  in  a  “kink”  in  each  field  line  across 
this  gap  region.  These  kinks  are  an  electromag¬ 
netic  disturbance  which  propagates  outward  with 
advancing  time.  The  superimposed  vectors  in  the 
insert  of  Figure  2  show  the  resultant  field  at  a 


point  in  the  gap  resolved  into  radial  and  trans¬ 
verse  components.  The  transverse  component  is 
the  radiation  field,  which  has  originated  from  the 
(radial)  coulomb  field  by  virtue  of  acceleration  of 
the  electron.  The  radiation  field  from  an  oscillat¬ 
ing  electron,  then,  is  comprised  of  a  series  of  such 
disturbances,  caused  by  the  periodic  electron  ac¬ 
celeration  and  deceleration. 

IV.  Radiation  Resistance  and 
Inductance 

Among  others.  Feynman  [5]  has  contemplated  the 
origins  of  radiation  resistance.  His  brief  descrip¬ 
tion  of  a  model  concluded: 

’’This  model  of  the  origin  of  the  re¬ 
sistance  to  acceleration,  the  radiation 
resistance  of  a  moving  charge,  has 
run  into  many  difficulties,  because  our 
present  view  of  the  electron  is  that  it 
is  not  a  ‘little  ball';  this  problem  has 
never  been  solved.  Nonetheless  we  can 
calculate  exactly,  of  course,  what  the 
net  radiation  resistance  force  must  be. 
i.e.,  how  much  loss  there  must  be  when 
we  accelerate  a  charge,  in  spite  of  not 
knowing  directly  the  mechanism  of  how 
that  force  works.  ” 

Efforts  continue  to  fully  understand  and  de¬ 
scribe  the  mechanism.  Toward  that  end,  consider 
that  the  vibrating  charged  electron  experiences 
forces  from  the  induction  and  radiation  fields  it 
has  produced.  The  source  of  energy,  which  causes 
the  electron  to  oscillate,  must  therefore  overcome 
these  self,  or  “bootstrap,”  forces.  It  is  widely  ac¬ 
cepted  that  radiation  resistance  and  inductance 
are  manifestations  of  the  bootstrap  forces,  but 
modeling  of  all  the  details  remains  incomplete. 
The  following  discussion,  although  lacking  the  in¬ 
timate  details,  offers  a  basis  for  appreciation  of 
what  is  involved  in  the  radiation  resistance  and 
inductance  phenomena. 

At  the  surface  of  an  oscillating  electron,  the 
magnetic  field  is  essentially  in  phase  with  the  cur¬ 
rent  (i.e.,  the  electron’s  speed).  The  electric  ra¬ 
diation  field  is  in  phase  with  the  magnetic  field. 
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Figure  3.  Qualitative  illustration  of  coulomb  field  associated  with  a  A/2  dipole  antenna. 
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ajid  so  an  ‘in-phase  bootstrap  force”  which  op¬ 
poses  the  electron’s  motion  results.  This  drag 
force  is  the  essential  cause  of  radiation  resistance, 
and  is  distinct  from  the  other  drag  force  known 
as  ohmic  resistance,  which  results  from  collisions 
of  a  moving  electron  with  atomic  obstacles  in  its 
path.  Both  resistances  dissipate  energy  according 
to  the  familiar  I'^R  relationship,  but  ohmic  loss 
results  in  heat  (because  of  its  mechanical  colli¬ 
sion  nature)  while  radiation  resistance  serves  to 
transform  electrical  source  energy  into  an  electric 
radiation  field. 

For  efficient  antenna  operation,  the  radiation 
resistance  {Vtfan)  must  be  much  greater  than 
the  ohmic  resistance.  Because  the  radiation  field 
from  a  A/2  dipole  is  well  emulated  by  a  “three- 
point”  model  that  emphasizes  the  center  and  end 
points,  it  is  reasonable  to  expect  that  radiation 
resistance  must  rise  substantially  in  value  toward 
the  dipole  ends. 

On  the  other  hand,  the  induction  field  at  the 
electron’s  surface  is  90°  out  of  phase  \vdth  the 
current /magnetic  field,  and  thus  produces  a  force 
that  opposes  the  time  rate  of  change  of  current 
rather  than  the  current  itself.  That  is,  the  boot¬ 
strap  force  associated  with  the  induction  field  is 
proportional  to  acceleration.  In  this  case,  the  en¬ 
ergy  source  driving  the  electron  oscillation  there¬ 
fore  expends  w'ork  on  the  electron,  which  is  stored 
in  its  magnetic  field,  during  periods  of  accelera¬ 
tion.  The  magnetic  field  then  collapses  and  re¬ 
turns  energy'  to  the  source  during  periods  of  de¬ 
celeration.  Because  the  induction  field  bootstrap 
force  acts  to  oppose  acceleration,  the  net  effect  is 
analogous  to  inertia  in  mechanical  systems  and 
the  gravitational  mass  of  the  electron  is  effec¬ 
tively  increased. 

V.  Extension  to  Antennas 

In  this  section,  a  straight  copper  wire  |  dipole  an- 
teruia,  isolated  in  free  space,  is  considered  as  an 
representative  case  and  reference  is  made  to  Fig¬ 
ure  3.  Prior  discussion  dealt  writh  the  coulomb 
field  of  a  single  electron,  but  now  we  will  con¬ 
sider  the  anterma’s  coulomb  field,  combined  from 
all  the  charged  particles  (both  positive  and  neg¬ 


ative)  in  the  antenna  wire.  The  antenna,  as  a 
whole,  also  has  a  magnetic  field  wdth  is  the  vec¬ 
tor  sum  of  the  magnetic  fields  of  all  its  moving 
free  electrons.  Similarly,  there  is  a  dynamic  elec¬ 
tric  field  for  the  antenna  w'hich  is  the  resultant 
of  all  the  free  electron  dynamic  fields.  We  can 
once  more  resolve  the  dynamic  field  at  any  point 
in  space  into  the  radiation  field  (in  phase  wdth 
the  total  magnetic  field)  and  the  induction  field  ( 
90°  out  of  phase),  and  note  that,  at  the  antenna 
wire,  these  fields  contribute  forces  which  are  par¬ 
allel  to  the  wire  axis.  Again,  the  radiation  field 
decays  more  slowdy  wuth  distance  than  the  other 
components,  and  the  term  jar  field  is  applied  to 
that  region  of  space  where  the  radiation  field  has 
become  dominant. 

Figure  3  is  a  qualitative  view'  of  the  coulomb 
field  in  space,  near  a  A/2  dipole,  at  a  selected 
fixed  point  in  time.  The  field  line  density  in  Fig¬ 
ure  3  depicts  field  strength.  The  figure  indicates 
that  the  field  lines  are  nearly,  but  not  exactly, 
perpendicular  to  the  ware  surface,  so  there  axe 
both  perpendicular  and  parallel  field  components 
present  there.  The  perpendicular  component  ex¬ 
erts  a  force  attempting  to  pull  electrons  from  the 
surface,  which  is  possible  but  uncommon,  and  the 
parallel  component  exerts  a  force  w'hich  pushes  or 
pulls  free  electrons  parallel  to  the  wire  axis. 

Even  though  the  travel  of  any  individual  elec¬ 
tron  is  restricted  to  a  fraction  of  a  centimeter,  one 
half  of  the  dipole  will  accumulate  a  net  excess  of 
electrons  during  one  half-cycle  of  the  feed-point  rf 
excitation  and  a  net  deficiency  of  electrons  (that 
is,  positively  charged  metal  ions)  wall  accumulate 
on  the  other  half  of  the  dipole.  The  net  charge 
condition  reverses  during  the  subsequent  rf  half¬ 
cycle.  The  force  of  the  coulomb  field  associated 
with  the  charge  imbalance  betw'een  dipole  halves 
opposes  the  charge  motion,  and  the  increasing 
coulomb  field  force  (as  charge  accumulates)  wall 
eventually  become  sufficient  first  to  stop  the  flow, 
and  then  reverse  it.  The  reversal  process  contin¬ 
ues  periodically,  driven  at  the  frequency  of  the 
feed-point  source,  resulting  in  the  oscillating  ware 
currents  that  produce  heat  from  ohmic  resistance 
and  electromagnetic  radiation  from  radiation  re- 
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sistance. 

Ne-v^'ton’s  F  =  ma  law  allows  a  useful  approx¬ 
imation,  where  the  three  forces  involved  are  the 
coulomb  field  component  parallel  to  the  wire  axis, 
the  dynamic  electric  field  bootstrap  force,  and  the 
drag  force  from  ohmic  resistance.  If  the  ma  prod¬ 
uct  is  taken  to  be  negligibly  small  due  to  the  tiny 
electron  gravitational  mass,  then  we  conclude  the 
dynamic  electric  field  and  antenna  coulomb  field 
partially  cancel,  and  the  difference  field  is  just 
sufficient  to  overcome  the  ohmic  resistance  drag 
force.  If  the  material  is  idealized  to  a  perfect 
electric  conductor,  the  coulomb  field  at  a  point 
on  the  wire  surface  is  the  vector  opposite  of  the 
dynamic  electric  field. 


VI.  The  Dipole  as  a  Resonant  Circuit 

Real  power  is  associated  wdth  the  antenna’s  radi¬ 
ation  field  and  reactive  power  is  associated  with 
the  induction  field,  but  the  coulomb  field  carries 
both  real  and  reactive  power. 

As  with  transmission  lines,  rf  energy  is  trans¬ 
ported  from  the  feed-point  to  other  antenna 
points  by  the  field  in  space  surrounding  the  di¬ 
pole.  The  real  power  transported  to  free  elec¬ 
trons  along  the  dipole  wire  via  the  coulomb  field 
replinishes  the  energy  lost  to  ohmic  and  radiation 
losses. 

Current  and  charge  at  a  given  location  along 
the  antenna  are  90°  out  of  phase,  so  that  one  is 
zero  when  the  other  is  maximized.  Where  the 
zero  current  condition  occurs,  the  magnetic  field 
vanishes  and  energy  stored  in  the  coulomb  field 
is  maximized;  this  can  be  viewed  as  capacitive 
(reactive)  energy  associated  with  the  anteima’s 
distributed  capacitance.  Conversely,  for  the  zero 
charge  condition,  the  coulomb  field  vanishes  and 
the  same  energy  level  is  now  stored  in  the  curren¬ 
t’s  magnetic  field;  this  can  be  regarded  as  induc¬ 
tive  energy  associated  with  the  antenna’s  distrib¬ 
uted  inductance.  Thus,  a  meaningful  equivalent- 
circuit  model  of  the  resonant  X/2  dipole  is  a  series 
resonant  RLC  circuit  where  both  kinds  of  distrib¬ 
uted  resistance  (ohmic  and  radiation)  contribute 
to  the  value  of  R. 


VII.  Topics  for  Future  Research 

Reliable  calculations  of  radiation  resistance  val¬ 
ues  at  points  along  the  length  of  a  dipole  antenna 
wire  are  feasible,  but  have  not  been  achieved  by 
the  authors  to  date.  CEM  techniques,  such  as  the 
method  of  moments,  may  be  applied  to  compute 
the  current  and  charge  distributions  on  a  dipole 
wire  antenna,  followed  by  apphcation  of  the  prin¬ 
ciples  presented  in  this  paper  in  order  to  quan¬ 
titatively  characterize  the  operational  details  of 
the  antenna  as  a  system. 

An  accurate  simulation  and  graphical  depiction 
of  the  power  flow  associated  with  a  A/2  resonant 
dipole  antenna  would  substantially  enhance  the 
visualization  and  imderstanding  of  energy  trans¬ 
port  from  the  feed-point  to  other  parts  of  the  an¬ 
tenna.  This  also  remains  a  project  for  additional 
future  work. 
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ABSTRACT 

The  use  of  Kaczmarz’s  method  is  investigated  as  an  iterative  solver  for  nonlinear  im'erse 
scattering.  The  distorted-Born  approximation  is  used  to  linearize  the  inverse  problem  at 
each  stage  of  the  outer  loop  in  Kaczmarz's  method,  resulting  in  a  nonlinear  in\'ersion 
algorithm.  Typically,  the  conjugate  gradient  (CG)  method  is  used  as  the  iterative  solver 
of  choice  for  nonlinear  inverse  scattering.  The  CG  method  is  known  to  con^"erge  quickly 
when  the  actual  scattering  object  differs  greatly  from  the  initial  value  used  in  the  inversion, 
but  converges  slowly  in  the  final  steps  of  the  inversion  when  the  computer  model  for  the 
scatterer  is  close  to  the  actual  object.  A  combined  Kaczmarz’s/CG  solution  method  is 
suggested  where  CG  is  used  in  the  initial  steps  of  the  inversion,  but  Kaczmarz’s  method  is 
used  in  the  later  steps. 

1.  Introduction 

The  inverse  problems  in  acoustics  and  electromagnetics  are  well  known  to  be  non-linear 
and  non-unique.  In  acoustics,  the  inverse  problem  is  to  reconstruct  a  quantitative  profile 
of  wave  velocity  and/or  attenuation.  The  problem  in  electromagnetics  is  to  reconstruct 
permittivity  and/or  conductivity  distributions  of  a  scatterer.  Nonlinear  im'erse  scattering 
algorithms  solve  the  nonlinear  inverse  problem  directly  b}-  employing  a  computational  for¬ 
ward  solver,  and  successively  linearizing  the  immerse  problem  at  each  stage  in  an  iterati^^e 
procedure  [1-5]. 

The  conjugate  gradient  (CG)  method  is  often  used  as  the  iterative  solver  in  a  nonlinear 
inversion  due  to  the  robustness  of  the  solution.  e\Tn  when  the  initial  scattering  object  pro¬ 
file  differs  greatly  from  the  actual  object.  Experience  has  shown,  however,  that  while  the 
initial  convergence  with  CG  is  quite  fast,  the  con^^ergence  rate  is  reduced  greatly  after  ap¬ 
proximately  20-30  iterations  [4].  Hence,  the  CG  method  works  well  for  the  initial  iterations, 
but  poorly  for  the  final  iterations  where  the  reconstruction  is  close  to  the  true  profile. 

Kaczmarz’s  method  has  been  used  previously  in  the  contest  of  computed  tomography 
for  X-ray  imaging  [6]  and  diffraction  tomography  [7-8],  to  solve  linear  inverse  problems.  We 
investigate  the  use  of  Kaczmarz’s  method  in  a  distorted-Born  iterative  method  algorithm 
[1-5]  to  solve  the  nonlinear  inverse  problem.  That  is,  we  replace  the  usual  CG  iterative 
solver  with  a  Kaczmarz’s  method  solver.  We  compare  the  convergence  using  the  Kaczmarz 
solver  with  the  CG  results. 
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2.  Kaczmarz’s  Method 

Kaczmarz’s  method  is  used  to  solve  a  set  of  coupled  linear  equations 

bk  =  Ak-x,  k=l . K.  (1) 

In  inverse  scattering  problems,  the  problem  may  be  subdi^dded  so  that  k  represents  a 
measurement,  such  as  a  particular  view  angle  or  frequency  of  illumination. 

We  summarize  Kaczmarz’s  method  solution  below: 

2,(0)  _  value  assigned 

For  j  to  J 
ajo  = 

Xk  =  xu-i  +  -  AkXk-i),  Ar  =  1 - -  A 

end  for  j 

g,(j)  — 

A  pseudoinverse  is  used  in  the  inner  iteration  loop  of  the  above  procedure.  Also,  it  can 
be  showm  that  converges  monotonically  to  a  solution  to  Eqs.  (1),  if  a  solution  exists. 
Otherwise,  the  solution  converges  to  the  minimum  £-  norm  to  Eqs.  (1).  A  more  complete 
discussion  of  the  convergence  properties  to  Kaczmarz’s  method  may  be  found  in  [6-S]. 

3.  Linearization  using  the  Distorted  Born  Approximation 

As  we  mentioned  previously,  the  inverse  scattering  problem  is  inherently  nonlinear 
due  to  multiple  scattering.  The  Kaczmarz  method  solution  applies  to  linear  equations. 
Hence,  we  linearize  the  inverse  problem  using  the  distorted  Born  approximation  [9].  In 
the  discussion  below,  we  restrict  our  attention  to  electromagnetic  scattering  in  a  lossless 
medium. 


We  assume  an  inhomogeneous  background  medium  with  permittivity  eft(r ).  The  actual 
permittivity  is  represented  as  e(r),  and  we  let  56(7*)  =  e(r)  —  €i,(r).  Assuming  a  two- 
dimensional  TM  geometry,  the  field  inside  the  scatterer  and  at  the  receivers  in  the  presence 
of  the  backgroimd  permittivity  €b(r)  is  Aroli" )•  The  actual  field  in  the  presence  of  scatterer 
e(r)  is  A;(r),  and  the  difference  is  SE:(r}  =  Ez(r)  —  A;o(’’)- 

The  field  perturbation  SF:(r)  may  be  thought  of  as  the  field  perturbation  due  to  the 
object  perturbation  ^e(r).  Using  the  distorted-Born  approximation,  the  field  and  object 
perturbation  are  related  as 

SE,(r)  =F{S€(r)} 

=  kl  J  dr'  g(r.r')  E,oir')e{r') 


The  operator  F  is  known  as  the  Freche't  deri^-ative  operator,  and  it  is  an  integral 
equation  relating  the  object  perturbation  <5e(rjj;o  the  field  perturbation  SE:{r).  Hence,  the 
Freche’t  operator  is  analogous  to  the  matrix  A  in  Kaczmarz’s  method  abo^•e.  Kaezmarz's 
method  may  then  be  used  to  solve  for  Seir)  at  a  particular  iteration  of  the  nonlinear 
inversion  if  Equation  (3)  above  is  discretized  and  solved  numericalht 


265 


4.  Kaczmarz-DBIM  algorithm 

The  various  steps  of  our  Kaczmarz-DBIM  algorithm  are  summarized  below. 

1.  Choose  initial  backgrotmd  permittivity 

2.  for  1  to  J 

3.  Linearize  problem  using  distorted-Born  approximation 

4.  Compute  field  inside  object  Ezq{t)  and  Green's  function  t/(r.r')  using  current  back¬ 
ground  profile  ~  ^ . 

0.  Set  Beq  =  0 

6.  Inner  loop  on  experiment  varying  transmitter  and  frequency 

7.  Compute  Btk  =  Sck-i  +  fI  •  (Ft  ■  fI)"^  •  -  Ft  -  d'et-i ) 

5.  end  loop  on  k 

9.  +  JeA- 

10.  end  loop  on  j 
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1  Introduction 

In  this  paper,  electromagnetic  wave  reflection  and  scattering  of  mono-pulses  generated  by  SA  radar  and 
GP  radar  are  statistically  studied  for  target  objects,  buried  under  the  random  ground  surface  and  built  on 
rough  surface,  using  FD-TD  method.  Statistical  analysis  of  electromagnetic  wave  reflection  and  scattering  from 
complicated  media  condition  is  important  for  improving  of  resoluton  of  imaging  radar,  and  actualize  more  safety 
radio  commucation.  So,  many  theoretical  and  experimental  papers  are  reported.  Rapid  progress  of  computers 
in  recent  years  made  possible  the  numerical  analysis  of  electromagnetic  wave  scattering  using  FD-TD  (Finite- 
Difference  Time-Domain)  method.  By  using  FD-TD  method,  numerical  simulations  are  accomplished  for  main 
reflection  and  multiple  scattering. 

2  Analysis  model 

2.1  GP  Radar  case 

The  detection  of  underground  objects  with  GP  radars  is  difficult  for  effects  of  unwanted  underground  scatterer, 
such  as  stone,  air  gaps,  etc.  So,  we  analyzed  the  relationship  between  the  complication  of  underground  and 
the  randomness  of  received  signal  with  GP  radar,  using  statistical  functions,  such  as  deviation  and  correlation 
function.  Analysis  model  of  GP  radar  case  is  shown  in  Fig.  1.  Analysis  region  is  made  up  of  two  parts, 
0.5  m  above  the  ground  and  2.5  m  below  the  ground.  The  target  is  a  rectanglax  air  gap  which  is  placed 
at  1.0  m  depth  and  is  0.5  m  by  0.3  m  in  size.  For  the  soil,  the  relative  permittivity  is  defined  as  4.0, 
relative  permeability  as  1.0  conductivity  is  lO""^.  And  around  an  air  gap  are  the  many  obstacles  with  random 
permittivity.  Source  antenna  is  a  plane  antenna  of  width  is  0.3  m  and  placed  0.1  m  above  the  ground.  Incident 
wave  is  Gaussian  as  shown  in  Fig.  2  and  current  distribution  of  plane  antenna  is  defined  as  in  Fig.  3. 

2.2  SA  radar  case 

In  the  case  of  remote  sensing  of  the  building  on  the  surface  of  the  earth,  using  SA  radar  with  radar  platform 
as  aircraft  or  satellite,  the  rough  surface  consist  of  moutains,  trees,  and  any  other  buildings  which  often  produce 
serious  effect  on  the  radar  signal.  So  we  considered  one  building  on  the  rough  surface  as  a  target  of  remote 
sensing.  After  the  FDTD  analysis,  statistical  analysis  similar  to  the  GP  radar  case  is  acheived.  Analysis  model 
of  SA  radar  case  is  shown  in  Fig.  4.  Analysis  region  is  made  up  from  280  m  above  the  ground  and  20  m 
under  the  ground  and  the  target  is  a  building  of  height  20  m  and  width  20  m.  Actually,  radar  for  remote 
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sensing  uses  microwave  frequency  (wavelength  of  the  order  cm)  because  microwave  radar  can  image  the  surface 
of  the  earth  independent  of  atmosphere  or  clouds.  But  due  to  computer  memory  limitations,  we  used  the  pulse 
wave  20  m  in  wavelength  and  analyzed  the  relationship  between  the  wavelength  and  roughness  of  the  surface 
of  the  earth,  using  statistical  function  described  in  the  previous  section.  As  a  source  of  radar,  we  used  plane 
antenna  which  width  is  80  m.  In  this  case,  the  antenna  is  almost  non-directional,  so  we  used  weighted  function 
shown  in  Fig.  5  and  generate  the  directive  pulse. 


□ :  air  ei  ^  underground  Fig.  2  Incident  wave  of  GP  radar 

■ :  obstacle  — —  :  antenna 


Fig.  3  Current  disribution  of  plane  antenna 

3  FD-TD  formulation 

When  the  two  dimensional  analysis  region  are  given  as 
shown  in  Fig.  1  or  Fig.  2,  the  region  is  divided  into  small 
cells  as  shown  in  Fig.  6  and  components  of  electromagnetic 
fields  are  displaced  in  individual  cells  as  shown  in  Fig.  7, 
There  is  cells  shown  as  Yee’s  cells.  The  FD-TD  method  is 
formulated  by  discretization  of  Maxwell  equation  as  follows; 
ij  indicate  the  position  in  x-z  plane,  and  n  is  the  number 
of  time  step, 


Fig.  4  Analysis  model  of  SA  radar 
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Fig.  5  Weighted  function  of  SA  radar  pulse 


nr ^  (i, J  +  1)  =  j  + 1)  -  J)} 


(1) 

(2) 
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where  C\ 


C4  are  constants, 


c,  = 

C2  = 

C3  = 


At 


As 

1  —  At  cr(i,  j)/2e:(i,  j) 
1  + Atcr(i,i)/2£(i,j) 

1  +  Ata{i,j)/2e{i,j) 
At/Asfi{iJ) 


(4) 

(5) 

(6) 
(7) 


1  +  Ata{i,j)/2c{i,j) 

As  =  Ax  =  Az  is  space  increment,  and  At  is  time  increment.  For  stability  of  the  FD-TD  solution,  As  and 
At  should  satisfy  the  condition, 

As 


At  < 


2c 


(8) 


By  using  these  equations,  propagation  of  electromagnetic  wave  in  an  infinite  analysis  region  is  modeled,  but 
since  infinite  computer  memory  is  not  possible,  an  appropriate  boundary  conditions  must  be  applied.  The 
absorbing  boundary  condition,  proposed  by  G.  Mur,  to  solve  this  is 

(9) 

where  n  is  the  symbol  for  the  component  normal  to  the  boundary,  and  v  is  the  velocity  of  electromagnetic 
wave. 
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Fig.  6  Division  of  analysis  region 


Fig.  7  Displacement  of  electromagnetic  components 


4  Statistical  analysis  of  electromagnetic  wave  scattering 

4.1  random  surface  analysis 

To  study  the  roughness  of  random  surface,  we  used  standard  deviation  of  surface  height{cr*)  and  correlation 
length(l).  When  the  height  of  surface  at  distance  i  =  (i  —  l)Ax  is  given  by  z(i)  ,  standard  deviation  cr,  is 
given  by 


1/2 


where 


1  ^ 


and  N  is  the  number  of  samples. 


(10) 


(11) 
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Next,  autoautocorrelation  function  of  surface  is  given  by 

(12) 

EL4i)= 

where  x'  is  distance  {j  -  l)Ax.  The  distance  1  for  which  H(0  is  equal  to  1/e  ,  is  defined  as  correlation 
length. 


4.2  Random  wave  analysis 

To  analyze  effect  of  roughness  of  the  surface  or  complication  of  media  on  scattered  wave  from  radar,  the 
following  statistical  functions  are  used. 

The  received  signal  on  plane  surface  model  is  defined  as  Bh,  and  the  one  on  random  surface  is  defined  as 
Er-  The  relationship  between  Er  and  Eh  is  studied  statistically.  The  second  order  averaged  error  is  given  by 


T 


^  {Erjti)  ~  Eh{ti)f 

^  j- 

tA/  -U  + At 


(13) 

(14) 


where  ti  is  the  time  taken  by  radar  pulse  to  reach  the  ground  in  both  cases  of  GP  and  SA  radar.  But 
if  only  the  phase  of  reflected  wave  is  shifted,  forward  error  grows  so  large,  therefore  correlative  analysis  is 
nessesary.  The  corresponding  correlation  coefficient,  REr,Ei,  is  given  by 


REr,BK  = 

C{Er,  Eh) 

<^Er  ■ 

if;  {£.((,) 

^  i=i 

1  ^ 

(15) 

4,  = 

(16) 

= 

-j;  {£.(!() 

(IV) 

1  " 

II 

Cd 

o 

(18) 

5  Results 

We  analyzed  at  six  models  for  which  randomness  or  complication  of  media  is  various.  Model  Case  1  ~  3 
are  GP  radar  case  and  model  Case  4  ~  6  are  SA  radar  case.  And  received  signal  given  by  FD-TD  analysis 
are  also  shown. 


Fig.  8  Model  of  case  1  Fig.  9  Received  signal  by  FD-TD  analysis 
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Fig.  18  Model  of  case  6  Fig.  19  Received  signal  by  FD-TD  analysis 


6  conclusion 

The  result  of  statistical  analysis  is  shown  in  Thble 
1,  with  roughness  of  surface  indicated  by  the  stan¬ 
dard  deviation  and  correlation  length,  and  compli¬ 
cation  of  media  is  described  as  correlation  length 
of  media  constant  at  height  2  =  0.  The  table 
shows  that  when  the  roughness  or  complication  of 
media  increases,  the  randomness  of  received  sig¬ 
nal  increases.  In  this  paper,  statistical  analysis  of 
wave  scattering  is  validated.  As  future  work,  ef¬ 
fective  signal  processing  of  random  scattered  wave 
to  improve  radar  imaging  will  be  considered. 
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Table  1  Result  of  statistical  analysis 


Complication  of  media 

Effect  of  random  scatterer 
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0.7727 . 

case  A 

6.2189 

12.0  m 

9.4529 

6.2493 

case  5 

8.4094 

7.0  m 

7.1579 

0.5549 

case  6 

5.2600 

15.0  m 

7.5270 

0.7795 
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Nondestructive  Materials  Measurement  of  Electrical 


Parameters  with  Readily  Made  Coaxial  Probes 


Timothy  R.  Holzheimer*  and  Dr.  Charles  V.  Smith,  Jr.  ** 


^Raytheon  E-Systems/UT  Arlington,  P.  O.  Box  75403, 
Greenville,  Texas  75403 

Arlington,  Department  of  Electrical  Engineering,  P.  O. 
Box  19167,  Arlington,  Texas  76019 


The  electrical  parameters  of  materials  is  required  in  the  design  and 
construction  of  loaded  antennas  and  all  devices  using  dielectric  substrates. 
Methods  of  nondestructive  measurement  are  desired  due  to  cost  and 
availability  of  limited  materials  and  for  simplicity  in  making  the  electrical 
parameter  measurements.  The  approach  described  makes  use  of  coaxial 
probes,  made  of  readily  available  components,  as  compared  to  techniques 
implementing  cavity  resonators,  coaxial  lines,  various  waveguide  types  and 
free  space  measurements.  These  probes  do  require  minor  machining  of  their 
plates. 

The  material  parameters  to  be  measured  include  complex  permittivity  (i.e. 
dielectric  constant  and  loss  tangent)  and  complex  permeability.  This 
investigation  required  measured  material  electrical  parameters  for  inclusion  in 
the  analysis  and  design  of  cavity  backed  antennas.  Full  two-port 
measurements  were  made  using  a  network  analyzer.  The  measured  data  was 
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then  input  to  an  analytical  program  in  order  to  reduce  the  S-parameter  data  to 
the  electrical  parameters  of  the  materials  investigated.  The  analytical  program 
includes  airgaps  between  both  upper  and  lower  surfaces  of  the  material  to  be 
measured.  This  analysis  builds  upon  previously  reported  results  of  Baker- 
Jarvis,  Janezic,  Stafford  and  Ching-Lieh.  [1,2^1 

Several  materials  were  measured  with  these  practically  built  coaxial  probes. 
In  particular,  a  YBCO  high  temperature  superconducting  thin  film  was 
measured  and  is  reported  here.  A  technique  is  also  described  whereby  T- 
parameters  are  used  in  order  to  back  out  the  electrical  parameters  of  the  thin 
film  by  itself,  that  is  not  including  the  lanthanum  aluminate  substrate. 

Potential  measurement  problems  are  addressed  in  using  these  coaxial  probes 
for  performing  nondestructive  measurements  of  the  material  electrical 
parameters.  An  assessment  is  made  in  the  accuracy  of  the  measurement  and 
what  is  required  for  a  loaded  antenna.  Measured  data,  for  one  case,  of  a 
loaded  cavity  backed  antenna  is  compared  using  the  measured  electrical 
parameters  in  a  hybrid  finite  element/boundary  element/method  of  moments 
analytical  prediction  code. 
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A  VOLUME-INTEGRAL  CODE  FOR  ELECTROMAGNETIC  NONDESTRUCTIVE 
EVALUATION 

R.  Kim  Murphy.  Harold  A.  Sabbagh,  Anthony  Chan,  and  Elias  H.  Sabbagh 
Sabbagh  Associates,  Inc.,  4635  Morningside  Drive,  Bloomington,  IN  47408,  USA 

Introduction.  In  [Ij  we  developed  a  volume-integral  eddy-current  model  that  is  designed  to  solve 
problems  in  nondestructive  evaluation.  The  integral  equations  are  discretized  on  a  regular  grid, 
w'hich  means  that  the  resulting  matrices  are  either  Toeplitz,  which  implies  a  convolutional  structure, 
or  Hankel,  which  implies  a  correlational  structure.  In  either  case,  large  problems  can  be  solved  using 
conjugate-gradients,  with  the  matrix- vector  multiplies  computed  using  the  three-dimensional  feist 
Fourier  transform.  The  default  scheme  for  solving  the  equations  is  the  LU-decomposition. 

The  model  is  now  implemented  in  the  computer  code  \TC-3DU  and  in  this  paper  we  present 
some  results  computed  with  it.  Our  first  results  are  aimed  at  validating  the  model  and  code  by 
comparing  data  from  two  benchmark  experiments,  and  in  the  second  part  of  the  paper  we  give 
model  calculations  that  are  typical  of  the  nuclear  power  industry. 

Two  Validation  Problems.  The  first  problem,  which  is  illustrated  in  Figure  1,  consists  of  a  coil 
that  is  scanned  over  a  flaw  in  a  conducting  workpiece  [3].  The  flaw  is  a  long,  thin,  empty  slot,  and 


Figure  1:  Validation  Problem  No.  1,  consisting  of  a  coil  being  scanned  over  a  long,  narrow,  empty 
slot  in  a  half-space  of  aluminum.  All  dimensions  are  in  millimeters. 

the  workpiece  is  a  half-space  of  aluminum.  The  excitation  frequency  is  900  Hz,  and  the  objective 
is  to  compute  the  change  in  impedance  seen  by  the  probe  coil,  as  the  coil  is  scanned  over  the  flaw, 
and  compare  with  the  measured  values  listed  in  [3].  The  results  for  the  real  and  imaginary  parts 
of  the  impedance- change  are  shown  in  Figure  2. 


^VIC-3D  is  a  registered  trademark  of  Sabbagh  Associates,  Inc. 
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Figure  2:  Comparison  of  measured  and  computed  changes-of-impedances  for  Validation  Problem 
No.l.  The  V’s  label  results  for  a  mesh  of  2  x  64  x  16  (width  x  length  x  depth)  cells,  and  the  +’s 
label  results  for  a  mesh  of  2  x  32  x  4  cells.  The  original  data,  which  are  the  experimental  benchmark 
results,  are  labeled  with  the  O’s. 


The  conjugate  gradient  iterative  method  was  used  to  compute  the  results  shown  in  Figure  2;  in 
the  following  figure  w^e  show  the  reduction  of  the  normalized  residual  as  the  algorithm  converges. 
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The  result  is  for  the  fine  mesh  (2  x  64  x  16  cells),  with  the  probe  located  at  10  mm.  There  are 
4960  unknowns  in  this  problem. 

In  the  second  validation  test,  we  compare  model  predictions  with  measurements  performed 
at  the  Oak  Ridge  National  Laboratory  and  communicated  to  us  by  Dr.  C.  V.  Dodd.  The  test 
that  we  have  modeled  is  shown  in  Figure  3.  It  consists  of  a  bobbin  coil  within  an  aluminum 
tube  {<7  =  2.58  x  lO"  S/m),  which  has  four  through- wall  holes  symmetrically  placed  around  the 
circumference  of  the  tube.  The  coil  is  excited  at  500  Hz.  In  modeling  this  test,  we  compute  the 
change  in  impedance  due  to  one  hole,  and  divide  the  measured  impedance-changes  by  four. 

The  magnitude  and  phase  of  the  impedance-change  due  to  the  holes  is  shown  in  Figure  4.  The 
differences  between  measurement  and  model  calculation  may  be  due  to  the  fact  that  in  computing 
the  matrix  elements  for  the  scattering  from  the  flaw^,  we  treat  the  tube  as  being  a  fiat  workpiece. 
This  allow’s  us  to  use  a  Green’s  function  for  a  layered,  plane- parallel  host,  of  the  type  that  w'as  used 
in  the  first  test  problem.  Another  possibility  for  the  discrepancy  is  that  the  signal  from  four  holes 
is  not  simply  four  times  the  signal  from  a  single  hole. 
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Axisymmetric  Problems  in  Nuclear  Power.  In  [2]  we  specialized  the  general  three-dimensional 
formulation  of  [1]  to  axisymmetric  problems,  such  as  those  typically  found  in  steam  generator  tubing 
for  the  nuclear  power  industry.  These  problems,  which  are  defined  by  means  of  a  few  parameters, 
are  solved  in  a  module  called  Tube  Support  Plate.  Figure  5  illustrates  the  manner  in  which  the 
parameters  may  vary  in  order  to  define  problems  ranging  in  complexity  from  a  simple  tube  support 
plate  with  a  magnetite  gap  to  a  tube  with  a  non-uniform  radius,  support  plate,  magnetite  gap, 
and  sludge  region.  AU  axisymmetric  problems  are  solved  using  the  LU-decomposition.  because  the 
resulting  equations  lack  the  Toeplitz  or  Hankel  structure  in  the  radial  direction,  which  negates  the 
advantage  of  using  the  conjugate-gradient/FFT  algorithm. 

A  Model  Calculation.  Figure  6  illustrates  a  common  situation  in  the  nuclear  power  industry, 
in  which  an  axial  flaw  exists  on  the  outer  surface  of  a  tube,  and  is  centered  under  a  ferromagnetic 
tube  support  that  may  even  contain  a  layer  of  magnetite.  The  detector  is  a  standard  differential 
bobbin  probe.  The  challenge  is  to  detect  and  classify  flaws,  which  produce  a  relatively  small  signal, 
in  the  presence  of  the  large  signal  presented  by  the  tube  support  or  the  magnetite  layer.  The  results 
shown  in  Figure  6  are  for  a  model  calculation,  only.  We  do  not  have  experimental  data  to  support 
this  calculation. 

Acknowledgement.  The  development  of  the  axisymmetric  tube  support  plate  model  was  sup¬ 
ported  in  part  by  the  Electric  Power  Research  Institute  (EPRI),  Palo  Alto,  CA. 
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Figure  5:  Examples  of  axi-symmetric  regions  modeled  with  the  Tube  Support  Plate,  Clockwise 
from  upper  left:  1.  Tube  support  plate  with  magnetite  gap;  2.  Tube  with  non-uniform  radius;  3. 
Tube  with  non-uniform  radius  and  support  plate;  4.  Tube  with  non-uniform  radius,  support  plate, 
magnetite  gap,  and  sludge  region. 
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Figure  6:  1)  An  external  axial  flaw,  centered  under  a  ferromagnetic  tube  support  is  shown  in  the 
upper  left.  2)  The  response  of  the  differential  bobbin  probe  to  the  flaw  and  tube  support  is  shown 
in  the  upper  right.  The  signal  from  the  edges  of  the  tube  support  dwarf  the  flaw  signal,  which  is 
buried  in  the  middle  of  the  curve.  3)  The  flaw'  signal  alone  is  shown  in  the  lower  left;  the  tube 
support  signal  has  been  subtracted  (’balanced  out’).  Also  shown  is  the  flaw  signal  from  a  tube  with 
no  support.  4)  The  effect  of  a  large  magnetite  layer  on  the  curve  in  the  upper  right  is  shown  in  the 
lower  right. 
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Abstract 

A  topic  of  considerable  current  interest  in  engineering  and  applied  mathemat¬ 
ics  is  wavelets.  In  electromagnetics,  wavelets  have  been  used  in  conjunction  with 
the  method  of  moments  (MoM)  and  the  finite  difference  time  domain  (FDTD).  It 
has  been  demonstrated  that  very  sparse  impedance  matrices  can  be  obtained  when 
wavelets  basis  and  testing  functions  are  employed  in  the  MoM.  However,  there  are 
concerns  against  the  use  of  the  wavelets  in  the  MoM.  It  seems  that  the  advantage  of 
having  sparse  matrices  is  outweighted  by  the  complexity  and  time  consuming  eval¬ 
uations  of  the  numerical  integration,  due  to  the  poor  regularity  and  lack  of  closed 
forms  of  the  wavelets. 

In  this  presentation,  we  propose  the  use  of  the  Coifman  wavelets,  where  the 
majority  of  the  matrix  entries  can  be  carried  out  without  performing  the  time  con¬ 
suming  Gausian  quadrature.  For  electrically  large  problems,  the  new  algorithm  will 
be  more  efficient  than  the  Collocation  method  (pulse  expansion  and  point  matching 
approach).  A  numerical  example  of  3D  Mie  scattering  showed  good  agreement  with 
analytic  solution.  The  relative  error  of  this  method  is  rigorously  studied  by  means 
of  analytic  expressions. 


1  INTRODUCTION 

Wavelet  functions  have  been  employed  recently  as  basis  functions  in  the  method 
of  moments  (MoM)  solution  of  integral  equations  [l],[2],[3].  In  conventional  MoM, 
the  integration  domain  is  discretized  into  several  subdomains.  Then,  the  unknown 
function  (usually  the  current  density  on  the  scatterer)  is  expanded  in  terms  of  the 
basis  functions  with  unknown  coefficients.  Basis  functions  may  be  defined  on  the 
whole  integration  domain  or  be  defined  on  one  or  several  subdomains.  Finally, 
the  resultant  equations  are  tested  with  the  weighting  functions  resulting  in  a  set 
of  linear  algebraic  equations  whose  solution  gives  the  unknown  coefficients.  The 
resulting  matrix  is  dense  and  solution  of  such  a  system  of  linear  equation  is  very 
time  consuming,  especially  for  electrically  large  objects. 

Using  wavelets  as  basis  functions  in  a  Galerkin  method  leads  to  highly  localized 
system  matrices.  Due  to  local  supports  and  vanishing  moment  properties  of  wavelets, 
many  of  the  matrix  elements  are  very  small  compared  to  the  largest  element  and 
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can  be  dropped  without  significantly  degrading  the  solution.  The  big  disadvantage 
of  such  approach  is  that  before  applying  a  threshold  procedure  one  must  calculate 
all  matrix  elements. 

Fast  Wavelet  Transforms  (FWT)  have  been  used  to  produce  matrix  representa¬ 
tion  of  integral  operators  [4],  but  only  Calderon-Zigmund  type  kernels  on  real  line 
have  been  considered.  Nonetheless,  most  integral  equations  in  Electromagnetics  do 
not  satisfy  the  Caldoren-Zigmund  conditions. 

In  this  paper  we  propose  the  use  of  a  special  class  of  wavelets,  Coifman  wavelets, 
which  allow  us  to  apriory  identify  all  small  elements  of  the  system  matrix  and  to  per¬ 
form  threshold  procedure  without  having  these  elements  calculated.  In  this  article, 
the  new  approach  is  applied  to  real  world  problems,  and  error  estimate  is  presented. 


2  BASIC  FORMULATIONS  OF  WAVELET 
THEORY 

2.1  Scaling  Function 

A  multiresolution  analysis  of  L'^{TZ)  is  defined  as  a  nested  sequence  of  closed  sub¬ 
spaces  {Vj}jqz  of  such  that 

■■■CVjCVj+iC-’CL^{n) 

t;{x)  6  Vj  ^  v{2x)  €  Vj+i 

€  Vo  v(x  -I-  n)  €  Vq,  for  all  n  e  Z  (1) 

iez  j£Z 

A  scaling  function  €  Vot  with  a  non-vanishing  integral,  exists  such  that  the  set 
{<p{t  -  1)  \  I  £  Z]  forms  an  orthogonal  basis  of  Vq.  Since  99  €  Vb  C  Vi,  a  sequence 
{/ii}  6  exists  such  that  the  scaling  function  satisfies 

(p{x)  =  \/2Y^hk<p{2x  -  k)  (2) 

k 

This  functional  equation  is  referred  to  as  the  dilation  equation,  where  {Ajt}  satisfies 

=  l  (3) 

k 

The  set  of  functions  {(pjj  \  j,  I  e  Z},  with 

<fij,i{x)  =  2^fM^^^-l)  .  (4) 

forms  an  orthonormal  basis  of  Vj. 
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2.2  Wavelets 

Let  us  use  Wj  to  denote  a  space  complementing  Vj  in  Vj+i,  that  is.  a  space  that 
satisfies 

=  (5) 

A  function  ih  is  called  a  wavelet  if  the  set  of  functions  -  m)  \  m  £  Z}  forms  an 
orthonormal  basis  of  Wq.  If  such  a  function  can  be  found,  then  the  set  of  wavelet 
functions  {wj.m  I  €  Z}  forms  an  orthohormal  basis  of  Wm,  with 

~  -  m) 

From  the  definition  of  multiresolution  analysis  (  1),  it  follows  that 

^Wi  =  L\n)  (6) 

iG2 

and  hence  is  an  orthonormal  basis  of 

Since  the  wavelet  ip  is  an  element  of  Vi,  a  sequence  exists  such  that 

ip{x)-y/2Y,9k<f{2x-k)  (7) 

k 

It  then  suffices  to  take 

(8) 

An  orthonormal  wavelet  system  with  compact  support  is  called  an  orthogonal 
Coifman  wavelet  system  of  order  N  {N  must  be  even)  or  Coiflets  [5]  if  the  scaling 
functions  <,5(0:)  and  wavelets  ip{x)  both  have  N  vanishing  moments,  i.e. 

J  x^(p{x)dx  =  0,  for  p  =  1, A'' -  1  (9) 

J  x^ip{x)dx  =  0,  for  p=0,  ...,A'-1  (10) 

The  support  widths  of  (p{x)  and  ip{x)  are  both  equal  to  3N  -  1. 

3  SOLVING  THE  INTEGRAL  EQUATIONS 

In  this  section,  we  apply  the  Coifman  wavelets  to  solve  the  integral  equation 

J  nx')K(x,  x'jdx'  +  c{x)f{x)  =  g(x)  (11) 

where  c{x)  is  a  known  function. 
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3.1  Expansion  in  Terms  of  Coifman  Wavelets 

For  a  bounded  interval  or  closed  contour,  the  unknown  function  f{x)  in  the  integral 
equation  can  be  approximated  by  its  projection  to  space  Vj  of  the  highest  level  J 

Jo 


yielding 


Define 


fi^)  =  fj-Jo^k^PJ-JoA^)  fj-j,k^J-jM^) 

k=l  j=Jo  k=l 


(12) 


{fli}  = 

The  expansion  of  /(x)  is  substituted  into  the  integral  equation  {  11),  and  the 
resultant  equation  is  tested  with  the  same  set  of  the  expansion  functions. 

Substituting  the  expansion  of  (  12)  into  (  11),  and  applying  the  Galerkin’s  pro¬ 
cedure,  we  obtain 


Y,aniJ  c(x)B„(x)B„(x)dx  +  J  J  K{x,x')B„{x')B„(x)dx'dx} 

=  j  g(x)Bra(x)dx  (13) 

As  a  result,  a  set  of  linear  equations  is  formed 

Ax  =  g 

where 

=  J  c{x)BMBn{x)dx+  j  J  K{x,x')BAx')Bm{x)dx'dx  (14) 

9m  =  J  9{x)B^{x)dx  (15) 

When  c(x)  is  constant,  the  first  term  of  (  14)  is  equal  to 
J  cBm{x)Bn{x)dx  =  cSm,n 

4  NUMERICAL  INTEGRATION 

The  evaluation  of  the  coefficient  matrix  entries  usually  involves  time  consuming 
numerical  integrations.  However,  by  taking  advantage  of  the  vanishing  moments  and 
compact  support  of  the  wavelets,  many  entries  can  be  directly  identified  or  calculated 
without  performing  the  quadrature  procedures.  Away  from  the  singular  points  the 
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kernel  is  a  smooth  function  and  it  behaves  as  a  polynomial  locally.  Consequently,  the 
integral  that  contains  at  least  one  wavelet  function  as  the  basis  or  the  testing 

function,  will  result  in  a  very  small  value  and  can  be  set  to  zero.  For  example,  if 
matrix  elements  contain  only  Coifman  wavelet  functions  on  levels  Ji  and  J2.  then 
they  can  be  written  as 


Cn,m  — 


(16) 


It  follows  that  the  error  between  the  exact  value  of  (  16)  and  the  Coiflet  approx¬ 
imation  for  a  zero  entry  is 


l,V>N  -P' 

j^y^i}{y)dy\\  j^y'^i}{y)dy\]  (17) 


where  Sm  in  (  16)  is  a  support  of  the  m-th  scaling  function,  S  is  the  same  support 
after  a  coordinate  transform.  We  need  just  a  few  items  of  the  summation  in  (  17) 
to  estimate  the  order  of  this  error.  The  moment  integrals 


J^y^y:>{y)dy,  J^y^ti;(y)dy,  n>N  (18) 

can  be  calculated  directly,  using  the  wavelet  theory.  These  errors  depend  on  the 
values  of  n  and  m,  on  levels  Jj  and  J2,  and  on  the  shape  of  the  integration  contour. 

On  the  other  hand,  the  integral  that  only  contains  scaling  functions  as  basis  and 
testing  functions,  will  take  the  zero  order  moment  of  the  kernel.  Such  one  point 
quadrature  formulas  for  smooth  functions  which  include  scaling  functions  have  been 
considered  in  [4],  [6]. 

For  those  integrals  in  which  the  basis  and  testing  functions  overlap,  causing  the 
kernel  singular  point  to  lie  within  the  integration  interval,  numerical  integration  has 
to  be  conducted.  Even  though  if  supports  of  the  basis  and  testing  functions  overlap 
but  not  coincide  we  can  partially  incorporate  the  above  technique  to  the  numeric 
integration  formulas. 


5  Example 

In  our  example  we  use  the  Coifman  wavelets  and  scaling  functions  of  order  iV  =  4 
as  basis  functions  to  expand  the  unknown  function  in  the  integral  equation.  Althow 
higher  order  Coifman  wavelets  give  us  more  vanishing  moments  and  produce  better 
approximation,  the  supports  of  these  wavelets  are  wider  and  it  would  take  a  longer 
time  to  calculate  the  singular  integrals.  Choice  of  W  =  4  is  a  good  trade  off  between 
accuracy  and  calculation  time.  We  used  two  different  classes  of  the  Coifman  wavelets 
which  are  defined  on  the  segment  (intervallic)  and  on  the  closed  contour. 

As  an  example  of  application  of  the  Coifman  wavelets  to  3D  geometries  we  con¬ 
sider  a  perfectly  conducting  sphere  excited  by  a  uniform  plane  wave  which  is  incident 
on  the  sphere  along  the  direction  of  the  positive  z-axis.  The  total  electric  current 
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Figure  1:  Normalized  monostatic  radar  cross  section  (RCS)  (cr/Tra^) 
for  a  conducting  sphere. 

density  Js(r)  induced  at  any  point  r  on  the  surface  of  the  sphere  can  be  found  from 
the  Magnetic  Field  Integral  Equation 

J  =  2h  X  H‘  4-  —h  X  /  J{r')  X  V'G(r,  T')dS' 

Ir:  Js 

where  V'  is  the  surface  gradient  defined  on  the  primed  coordinates;  h  is  the  unit 
surface  normal.  The  integral  is  interpreted  in  the  Cauchy  principal  value  sense. 

In  a  spherical  coordinate  system  {r,  6,  ip}  tangential  electric  current  density  on  a 
surface  of  the  sphere  can  be  described  by  its  two  components 

For  a  surface  of  the  sphere,  coordinates  6  and  <p  vary  in  the  range  of  0  <  ^  <  tt 
and  0  <  ip  <2tt.  Formally,  we  can  consider  that  coordinate  $  is  defined  on  a  bounded 
interval  and  coordinate  p  is  defined  on  a  closed  contour. 

Following  the  wavelet  approach  in  Section  3,  the  unknown  components  of  the 
surface  current  are  expanded  in  finite  series  of  basis  functions 

i 

i 

where 

Bi{e,ip)  =  Bm{e)Br,{p) 

Functions  Bm{&)  are  the  intervallic  Coifman  scaling  functions  of  level  Ji;  functions 
Bn{<p)  are  ordinary  Coifman  scaling  function  of  level  which  are  defined  on  a  closed 
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contour;  i  =  {772,n}  is  a  double  index.  To  demonstrate  the  effectiveness  of  the  2D 
wavelet  expansion,  we  did  not  utilize  the  rotational  symmetry. 

For  an  incident  plane  wave 

E' =  H’ 

the  normalized  monostatic  radar  cross  section  a /tt a?  are  evaluated.  The  normalized 
monostatic  radar  cross  section  (Figure  1)  are  calculated  for  a  sphere  at  frequencies 
which  do  not  coincide  with  the  eigen  frequencies  of  the  spherical  resonator.  These 
results  are  in  a  good  agreement  with  the  exact  solution. 
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Abstract:  Arrays  are  thinned  to  reduce  sidelobe  levels  in  the  far  field  pattern.  In  this  paper,  we  approach 
thinning  with  the  sole  purpose  of  arranging  the  elements  in  a  fractal  pattern  to  investigate  the  usefulness 
of  fractal  array  designs.  In  particular,  the  multiscaling  of  the  fractal  makes  them  attractive  for  wideband 
applications.  In  the  course  of  our  investigations,  we  discovered  that  the  array  factor  for  fractal  arrays 
can  be  very  quickly  calculated  using  a  product  rule  compared  to  the  normal  discrete  Fourier  transform 
approach.  Results  for  both  the  Cantor  linear  array  and  the  Sierpinski  carpet  array  are  presented. 

I.  Introduction 

The  term  fractal,  which  means  broken  or  irregular  fragments,  was  originally  coined  by  Mandelbrot  [1] 
to  describe  complex  shapes  that  can’t  be  defined  by  classical  Euclidean  geometry.  Since  the  pioneering 
work  of  Mandelbrot  and  others,  fractal  applications  have  appeared  in  many  branches  of  engineering  and 
science.  One  such  area  is  fractal  electrodynamics  in  which  fractal  geometry  is  combined  with  electro¬ 
magnetics.  An  introduction  to  the  subject  of  fractal  electrodynamics  is  found  in  the  excellent  review 
by  laggard  [2] ,  More  recent  developments  in  the  field  are  summarized  by  laggard  [3]  and  Werner  [4] . 
This  paper  focuses  on  the  application  of  fractal  geometric  concepts  to  the  analysis  and  design  of  thinned 
fractal  linear  as  well  as  planar  arrays. 

There  are  many  applications  where  it  is  advantageous  to  apply  thinning  techniques  to  the  design  of 
antenna  arrays  [5] .  In  this  paper,  we  approach  thinning  with  the  sole  purpose  of  arranging  the  elements  in 
a  fractal  pattern  to  investigate  the  usefulness  of  fractal  array  designs.  In  particular,  the  multiscaling  of  the 
fractal  makes  them  attractive  for  wideband  applications.  Another  advantage  of  these  fractal  arrays  is  that 
the  self-similarity  in  their  geometrical  structure  may  be  exploited  in  order  to  develop  algorithms  for  rapid 
computation  of  radiation  patterns.  These  algorithms  are  based  on  convenient  product  representations  for 


the  array  factors  and  are  much  quicker  to  calculate  than  the  discrete  Fourier  transform  approach.  Results 
for  both  the  Cantor  linear  array  and  the  Sierpinski  carpet  planar  array  are  presented. 


n.  Fractal  Linear  Arrays 


The  array  factors  for  an  arbitrary  row  of  symmetric  elements  along  the  z-axis  are  given  by 


M 


ao  + 2  £  Omcos  odd  number  of  elements  (2M  4- 1) 

AF{u)-\ 

2  £  cos  [(m  -  .5)  4^]  even  number  of  elements  (2M) 

m=l 


(1) 


where 

N  =  number  of  elements 

_  f  1=  element  turned  on  or  connected  to  feed  network 

f  Q_  element  turned  off  or  connected  to  matched  load 

^  =  kdu^ 

A  =  wavelength 

d  =  constant  spacing  between  elements 
Ug  =  cos  $  —  cos  Og 

9  =  angle  of  incidence  of  electromagnetic  plane  wave 


9s  =  direction  of  mainbeam 

Element  weights  are  either  1  or  0  and  indicate  whether  or  not  the  individual  elements  contribute  to  the 
total  radiation  pattern  of  the  array. 

It  is  easier  to  generate  the  Cantor  array  by  starting  with  a  three  element  generating  array,  then  applying 
the  generator  to  P  scales.  The  generating  array  for  the  Cantor  array  has  three  elements  with  the  center 
element  turned  off.  An  expression  for  this  generating  subarray  may  be  easily  obtained  from  (1)  using 
the  fact  that  m  =  2,  ui  =  0,  and  02  =  1  in  order  to  arrive  at 


=  2cos[^'] 

Applying  this  rule  a  total  of  P  times  results  in  the  following  array  factor  for  the  Cantor  array: 

AFp{4')= 


(2) 

(3) 


Table  1  shows  the  array  factor  expression  and  plot  for  scales  1,  2,  and  4. 

One  of  the  interesting  properties  of  this  Cantor  array  is  the  ability  to  quickly  calculate  the  array  factor. 
If  (1)  is  used  to  calculate  the  array  factor  for  an  odd  number  of  elements,  then  M  cosine  functions  must 
be  evaluated  and  M  additions  performed  for  each  angle.  Using  (3),  only  P  cosine  fiinction  evaluations 
and  P  - 1  multiplications  are  required.  For  the  case  of  the  81  element  array,  the  fractal  array  factor  is  at 
least  ^  ^  =  10  times  faster  to  calculate  than  the  conventional  discrete  Fourier  transform  approach. 

The  procedure  outlined  above  for  constmcting  the  Cantor  array  from  a  three-element  subarray  can  be 
generalized  by  expressing  the  array  factor  in  the  following  way: 


where 


AFp{^)  = 


(4) 
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T^le  1:  Column  1  is  the  scale  at  which  the  anay  factor  is  calculated.  Scale  1  is  the  generator  array.  Column  2  is  the  array 
factor  and  Column  3  is  a  plot  of  the  Cantor  linear  array. 
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s  =  total  number  of  elements  in  the  generating  array  (turned  on  and  turned  off) 

GA  =  radiation  pattern  of  the  generating  subarray 
P  —  number  of  fractal  levels 

Note  that  s  also  acts  like  a  scale  factor  in  (4).  Consequently,  a  fractal  dimension  may  be  calculated  from 

n  -  Qn)  ,5. 

log{s) 

There  are  many  different  ways  to  calculate  a  fractal  dimension.  This  approach  is  called  the  scale  di¬ 
mension  and  seems  best  suited  for  the  array.  As  a  check  for  reasonableness,  a  uniform  subarray  of  five 

elements  has  D  =  log{b)/log{b)  =  1  which  is  the  dimension  of  a  uniform  linear  array.  On  the  other 
hand,  a  three  element  subarray  with  weights  given  by  a  =  [0, 1, 0]  has  D  =  log{l)/log{3)  =  0  which  is 
the  dimension  of  a  single  point  source.  Thus,  the  bounds  of  D  appear  to  check  with  Euclidean  geometry. 
Finally,  (5)  may  be  used  to  show  that  the  fractal  dimension  of  the  infinite  Cantor  array  (P  — *■  00)  with 
subarray  element  weights  a  =  [1, 0, 1]  is  D  =  log(2)/  log(3)  =  0.6309. 

in.  Fractal  Planar  Arrays 

A  symmetric  planar  array  with  an  odd  number  of  elements  in  the  x  and  y  directions  has  an  array  factor 
given  by 

M  N 

ff  =  All +  2^  Anicos[(m  -  +  2^AinCos[(n- -i- 

m=2  ri—2 

N  M 

4  ^  Amu  COS  [(m  -  cos  [(n  - 

n=2  m=2 

where 

M  =  number  of  elements  in  the  x-direction 
N  =  number  of  elements  in  the  y-direction 
Amn  =  =  complcx  Weight  at  element  (m,  n) 

dx  and  dy  are  the  element  spacings  in  the  x  and  y  directions 
Usx  =  sin  6  cos  0  —  sin  63  cos 
Ugy  =  sin  6  sin  (p  —  sin  63  sin  (ps 
{0s,<Ps)  =  steering  angles 
—  kdxUsx 

=  kdyUgy 

A  Sieipinski  carpet  is  a  two-dimensional  version  of  the  Cantor  set  and  applies  to  thinning  planar 
arrays.  Consider  the  simple  generator  array 

1  1  1 
1  0  1 
1  1  1 

This  array  is  generated  by  the  rule  of  turning  off  the  center  element  of  a  nine  element  square,  as  a  pattern. 
The  array  factor  for  do  =  -SA  simplifies  to 

GA{u3x,  U3y)  =  2  cos  {'KUsx)  -f  2  cos  {TzUgy)  +  4  cos  (TTtijx)  COS  (7) 

The  array  factor  at  scale  P  is 


294 


(8) 


p 

AFp  =  PJ  [2  cos  (S^'^TTUsa;)  +  2  COS  (S^'^TTUsy)  +  4cOS  (S^-^TTUaa;)  COS  (S^'^TrU^y)] 

p=l 

Table  2  shows  a  view  of  the  fractal  array  at  scales  1,2,  and  4. 

IV  Conclusions 

A  fractal  antenna  array  factor  is  very  fast  to  calculate,  because  it  may  be  formulated  as  a  product  of 
generating  array  factors.  This  paper  derived  these  formulations  for  linear  and  planar  arrays  and  showed 
some  of  the  interesting  fractal  antenna  patterns  resulting  from  their  application. 
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lajle  2:  Column  1  is  the  scale  at  which  the  array  factor  is  calculated.  Scale  1  is  the  generator  array.  Column  2  is  a  view  of 
the  thinned  array:  white  blocks  are  elements  turned  on  and  black  blocks  are  elements  turned  off.  Column  3  is  the  array  factor. 
The  angle  phi  is  measured  around  the  circumference  of  the  plot,  while  theta  is  radially  measured  from  the  lower  left. 
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ABSTRACT 

Since  antennas  comprised  of  generalized  fractal  elements  were  reported  growing  interest  has 
concentrated  on  the  ability  to  model  then  with  NEC  and  other  engines.  Here  we  report  NEC2 
results  of  three  FEA  and  compare  their  model  observables  with  experimental  results.  The  results 
appear  compatible.  This  promises  hope  for  modeling  a  variety  of  FEA  and  FEA  arrays.  Broad 
bandwidths;  reduced  resonant  frequencies;  field  strengths;  power  patterns;  and  others  may  be 
studied  successfully  with  NEC2  for  simple  to  somewhat  complex  FEA's.  Extremely  complex  FEA 
will  require  other  modeling  approaches  as  the  modeling  engine  limitations  are  reached. 


INTRODUCTION 

In  recent  years,  anterma  design  has  entertained  the  peculiar  twist  of  antennas  built  upon  geometric 
patterns  which  are  fractal  (  Cohen,  1995;  Puente-Baliarda  et,al,1996).  Such  antennas  incorporate 
some  degree  of  self-similarity  in  their  structure,  whether  it  is  'deterministic'  or  'random/chaotic'  in 
its  nature.  Fractal  antennas  also  extend  to  array  distributions  (see,  for  example,  Werner  and 
Werner,  1996),  where  they  appear  to  be  an  extension  of  log-periodic/self  complementary 
antennae.  In  general  however,  fractal  antennae  remain  an  inchoate  aspect  of  applied 
electromagnetics  and  are  not  well  known.  Here,  I  will  concentrate  on  some  characteristics  of  3 
simple  antennas  comprised  of  fractal  elements  from  a  modeling  standpoint  and  compare,  when 
possible,  to  experimental  results.  This  is  provided  as  confirming  information  between  model  and 
data,  and  also  as  an  incentive  for  others  to  pursue  these  exotic  antennae  as  viable  candidates  for 
future  modeling  and  testing. 


CHARACTERISTICS  AND  EARLIER  WORK 

Much  of  the  principle  of  a  fractal-element  antenna  may  be  extrapolated  from  the  fractal  'coastline' 
problem  (Mandlebrot,1983).  In  this,  it  is  noted  that  a  fractal  can  manifest  a  very  large  perimeter 
while  maintaining  a  very  small  area.  In  three  dimensions  this  becomes  a  large  surface  area  over  a 
small  volume.  For  an  anterma  a  fractal  is  a  compact  way  of 'accordioning'  a  perimeter  into  a  small 
two  dirnensional  region. 

There  is  no  a  priori  reason  to  assume  that  any  perimeter  distribution  which  is  closely  packed 
would  radiate  well,  nor  that  the  impedance  would  be  purely  real  at  some  frequencies  However, 
fractal  structure  appears  to  produce  self-reactance  which  yields  resonances  (Cohen  1996a). 
Furthermore,  a  perimeter  in  excess  of  a  wavelength  also  produces  more  than  one  current 
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maximum.  Analogous  to  a  multitum  (three  dimensional)  helix,  this  perimeter  length  yields  a 
higher  radiation  resistance  than  intuition  may  suggest. 

Early  studies  of  fractal-element  antennae  did  not  reach  conclusions  which  were  entirely  correct. 

For  example,  Robin  and  Soulliard  (1993),  based  on  a  simple  theoretical  analysis  predicted  that 
difiusion  limited  aggregates  (  DLA's)  would  produce  antennae  with  haimonic  resonances,  while 
actual  DLA's  produce  broad  band/multiband  resonances  only  vaguely  harmonically  related. 
Cohen's(1995)  conjecture  of  diffraction  as  an  important  process  in  fractal  wire  antennas,  following 
the  approach  of  Berry  (1979)  was  later  corrected  (Cohen  and  Hohlfeld,  1996). 

Most  importantly,  a  study  of  fractal  loops  (Cohen  and  Hohlfeld,  1996)  drew  an  incorrect 
interpretation  that  electrically  small  fractal  loops  would  make  superior  antennae  based  upon 
higher  radiation  resistance.  Indeed,  save  for  the  very  small  electrical  sizes,  fractal  loops  do  have 
higher  radiation  resistances  than  a  Euclidean  loop.  However,  the  point  is  spurious,  as  the  fractal 
loop  perimeter  is  substantially  longer  than  a  Euclidean  one  and  hence  its  ohnruc  losses  are,  in  turn, 
higher.  With  electrically  smaU  fractal  loops,  the  radiation  resistance  is  quite  small  and  hence  any 
ohmic  loss  dramatically  reduces  field  strength.  As  a  result  an  (electrically  small)  fractal  loop  has 
lower  field  strength  than  a  Euclidean  one  and  hence  a  fractal  loop  is  an  inferior  antenna  in  the 
electrically  small  case.  Electrically  'medium'  cases  (say,  1/12-1/4  wave  maximum  dimension)  are 
different  stories  and  here  fractal  loops  are  multiband/broadband  affairs  where  some  resonances 
have  substantial  gain  (Cohen  and  Hohlfeld,  1996). 

Despite  these  wrong  turns,  previous  efforts  were  not  without  some  valuable  findings.  First, 
fractal  element  antennae  were  found  to  be  multiband  with  non-harmonically  defined 
resonances(Cohen,1995;  Puente-BaHarda  et  al.,  1996).  When  extended  to  sufficient  numbers  of 
iterations,  the  structure  produces  fractal  loading  and  causes  these  antennae  to  have  merged 
resonance  clusters  and  become  the  general  case  of  frequency-independent  antennae 
(Cohen,  1996b).  The  fractal  loading  tends  to  lower  the  resonant  frequencies  (Cohen,  1995).  A 
practical  aspect  of  fractal  antennae  is  that  the  fractal  loading  yields  resonant  antenna  from  the 
structure  itself,  so  no  additional  components  are  needed  to  obtain  a  resonant  antenna.  This  makes 
fractal  antennae  viable  miniature  antenna  (as  long  as  they  are  not  electrically  small). 

The  electrical  behavior  of  the  fractal  structure  not  only  produced  a  fractal  loading  effect,  but,  not 
surprisingly,  yields  phasing  lines  within  the  element.  This  allows  some  fractal  element  antennae  to 
contained  phased  elements  with  gain  properties  (see,  for  example,  Landstorfer  and  Sacher,  1985; 
Cohen,  1996a).  The  gain  can  be  substantial  and,  at  least,  pose  alternatives  to  discretely  phased 
arrays  and  parasitics  (see,  for  example,  Kraus,  1988). 

MODELLING  AND  TESTING 

Fractals  have  been  around  for  over  two  centuries  (some  called  'pathological  curves')  so  it  comes 
as  some  surprise  that  they  have  not  been  explored  electromagnetically  until  recently.  In  fact,  the 
self-similarity  argues  for  simplicity,  but  their  overall  complex  structure  makes  them  almost 
impossible  to  explore  for  wave  properties  analytically.  Yet  fractal-element  antennae  would  not 
exist  if  they  couldn't  be  computationally  produced  and  computationally  modelled,  in  numerical 
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fashion.  That  they  CAN  be  modelled  with  extant  tools-at  least  for  simple  fractals 

demonstrated  here  where  I  demonstrate  some  simple  fractal  element-antenna  properties  through 
simulation  using  the  EZNEC-M  (Lewallen,  1996)  version  of  NEC2. 

First,  some  caveats.  In  modeling  complex  wire  antennae  such  as  FEA's,  the  limitations  ^e  all  too 
easily  probed.  Line  segments  can  easily  become  very  close  to  imposed  length  limits  and  ^y 
structure  may  begin  to  take  on  small  looped-shapes,  wWch  are  kno^  not  to  be  model^  weU 
(Burke,  1987)  The  objective  is  thus  to  see  what  general  characteristics  are  discemable  from 
modeling. 

To  check  the  raodeUng,  testing  was  done  using  900  MHz  versions  of  the  antennae  buHt  u^n  thin 
FR4  substrates.  An  HP  8754a  with  S  parameter  test  set  (HP  8748a)  were  used  to  obtain  Sll  and 
S12  From  these,  various  parameters  were  inferred.  A  modest  range  measurement  was  used  to 
infer  pattern  and  maximum  gain  by  a  comparison  of  S12  to  a  test  dipole  or  1/4  wave  raonopole. 

For  the  sake  of  an  introductory  illustration  I  will  describe  a  fractal  monopole,  dipole,  and  loop. 
Each  is  comprised  of  a  Mnkowdd  fractal  for  the  sake  of  this  introduction.  Here  I  present  these 
results  and  compare  with  data. 


A  Fractal  Monopole 


This  monopole  is  one  of  a  family  of  optimized  top-loaded  fractal  antennae  me^t  to  be 
structurally  compact  and  resonant,  without  additional  discrete  component  loadmg.  End-loadmg  is 
believed  to  be  the  most  efficient  means  of  shortening  the  length  of  the  antenna  and  a  of 

schemes  abound,  especially  in  the  amateur  radio  literature  (see,  for  example,  Moxon,1983). 


The  fractal  monopole  is  shown  in  Figure  1  A)  and  incorporates  a  first  iteration  M«^owsla 
generator  (Lauwerier,1991)  upon  an  open  square.  Table  1  lists  its  observables  as  simuMed  by 
EZNEC-M.  It  should  be  noted  that  this  is  a  form  factor  that  is  smaller  than  other  two-dimensional 
end-loaded  resonant  antenna. 
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The  antenna  was  mounted  above  a  circular  ground  plane  (an  approximation  to  an  mfimte  plane) 
for  the  measurements.  The  data  compare  favorably  with  the  model;  gain  2dBi,  BW  5  %  (2: 1 
VSWR);  Omni  pattern  in  azimuth.  Return  loss  was  12  dB  .  Hence  this  small  fractal  structure 
imposed  few  inaccuracies  to  this  NEC2  model. 


TABLE  1 

EZNECM  Modeling  Results 

FS 


Antenna 

Wire  Width  (waves) 

Max.  Dimension(X) 

Impedance  (ohms) 

Gain  (dBi) 

Bandwidth(%)  Comments 

lA) 

0.001 

0.28 

23-j0.5 

1.7 

6 

omni 

IB) 

0.0002 

0.14 

27-+j3.0 

1.8 

3 

narrow  '8' 

1C) 

0.001 

0.53 

154jl.2 

5.8 

1.6 

bidirectional 

b:  Fractal  Loon 

Using  the  same  motif,  only  in  second  iteration  and  applying  it  to  an  entire  square,  the  loop  of 
Figure  IB)  is  shown.  At  its  lowest  resonance,  the  loop  had  characteristics  modeled  by  EZNECM 
as  shown  in  Table  1. 

The  actual  loop  is  a  balanced  antenna,  with  very  close  values  to  the  model.  The  BW  was  4.5  %; 
best  return  loss  was  14  dB;field  strength  was  2  dBi.  It  is  also  multiband,  as  discussed  in  Cohen 
(1996b). 


c.  Fractal  Pinole 

The  fractal  dipole  of  Figure  1  C)  is  effectively  a  section  of  the  fractal  loop,  only  shown  here  in  a 
third  iteration.  It's  lowest  resonance  gives  a  largest  dimension  of  0.17  waves  (14  ohms  drive)  and 
is  a  modest  loaded  dipole  at  that  frequency.  However,  the  next  resonance,  listed  in  Table  1, 
employs  the  fractal  structure  to  acheive  gain.  This  antenna  appears  to  be  akin  to  shaped  dipoles, 
described  by  Landstorfer  and  Sacher  (1985)  and  Cohen  (1996a). 


301 


The  aain  was  con&med  through  measurement  as  being  3.5  dBl  Return  loss  was  8dB  and  BW 
2  2  %The^^Xs  to  rour  because  the  iterations  produce  collinear  echelon  r^es 
which  phase  to  produce  it.  The  current  distribution  and  power  pattern  are  shown  m  F  gu 


DISCUSSION 

These  ample  fractal-element  antennae  Eolations  compare  weU  with  modest  measurements.  This 

implies  tha  more  complex  fractal  antennae  Mch  as  those 

Altschuler,(I996)  will  be  modeled  successfully.  But  where  does  the  limit  gi  . 

Most  fractals  are  6r  more  complex  at&irs.  Modeling  these  stnictures  as  antennas  (whether  m 
danent  antennae  thus  take  antenna  modeling  mto  a  complex  regime. 

A  c  an  inp«irive  1  oose  the  following  fractal  element  antenna  shown,  in  part,  m  Figure  3  It  is  a 
'fractal  ribbotf  an  unusual  meander-like  structure  defined  by  a  Sierpinski  motif  (Lauwener,  ) 
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to  a  fourth  heiation.  With  dimensions  oflS  cm  long  and  1 .62  cm  across,  the  fract^  ribbon 

resemblesal/7wave,albeit resonant, withareuim loss oflOdBandalOO MHz  Wdwidth  * 

400  MHz  resonance.  Mounted  upon  the  circular  ground  plane,  the  antenna  was  indistinguishable 
in  gain  from  a  1/4  wave  vertical  on  the  same  ground  plane  (RMS  0.7  db).  Obviously  the  ineand^ 
aspect  is  providing  some  inductive  loading,  but  a  pure  meander  alone  (that  is,  without  the  fra^ 
holes)  failed  to  produce  a  resonance  below  500  MHz  and  with  far  less  ( about  15%)  bandwidth. 


Figure  3 


A  wire  grid  version  on  NEC2  was  not  possible  due  to  segment  limitations.  Other  modeling 
schemes  should  be  able  to  pose  some  insight. 


SUMMARY 

NEC2  modeling  is  a  valuable  tool  for  simple  fractal  antenna  modeling  and  provides  a  u^ 
introduction  to  fractal  electromagnetics.  Accuracy  to  actual  data  appears  acceptable  and  thi^ 
modeling  presents  a  good  opportunity  to  explore  these  complex  structures.  Howeve^  for  the  truly 
complex-and  interesting  fractals-  modeling  limitations  are  all  too  easily  met.  Thus  fractal 
electromagnetics  poses  interesting  challenges  to  more  sophisticated  modeling  schemes  m  the 

future. 
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ABSTRACT 

We  describe  a  method  of  multiparameter  optimization  of  antennas  through  a  hybrid  optimization  engine. 
The  engine  incorporates  a  genetic  algorithm.  However,  it's  parametru^ation  is  fractal.  The  self-similarity 
of  the  fractal  assures  even  a  complex  structure  can  be  described  with  very  few  independent  parameters. 
The  size  of  the  gene  is  reduced,  allowing  for  more  simplified  crossover  and  mutation. 


INTRODUCTION 

Optimization  in  electromagnetics  is  a  daunting  task.  The  problem  lies  with  the  abilities  of  the 
optimization  engines  (OE's)  to  arrive  at  optimized  solutions  accurately,  and  with  a  minimum  of 
computational  cycles.  Genetic  algorithms  (GA's)  are  the  latest  method  of  optimization  to  be  applied  to 
electromagnetics  with  success.  Although  this  invites  investigation  of  optimized  antermae  which  could 
not  be  simulated  before,  it  also  invites  the  simulation  of  extremely  complex  antenna  geometries.  The 
number  of  independent  parameters  in  complex  structures  can  be  enormous  and  thus  provide  a  practical 
limitation  to  approaching  optimized  solutions.  In  this  paper,  I  discuss  a  variation  of  the  genetic 
algorithm  approach,  whereby  the  number  of  independent  parameters  is  reduced  through  a  fiuctal  coding 
of  the  antemia's  geometry.  This  reduction  in  gene  size  may  prove  practical  in  obtaining  convergence  in 
fewer  iterations,  or  reducing  the  optimization  stagnation  sometimes  encountered  over  several 
generations.  As  a  caveat,  there  are  situations  in  which  divergence  is  likely. 

GENETIC  ALGORITHMS 

GA's  are  a  class  of  optimization  method  which  emulate  the  survival  of  the  fittest  imperative  of  biological 
Darwinian  evolution.  At  their  heart  is  the  notion  of  the  generational  selection-through  die  off— of 
individuals  whose  genetic  makeup  does  not  allow  then  the  opportunity  to  escape  the  environmental 
filters  .  These  would  otherwise  lead  to  survival  and  a  new  generation  which  incorporates  their  specific 
genes.  The  culling  is  a  'dumb'  algorithmic  approach  in  the  sense  that  there  is  no  memoiy  of  previous 
generations  or  other  individuals  being  assessed.  'Pass  or  chop'  is  an  expression  often  used  to  describe 
tiie  heart  of  the  GA  approach.  The  GA  approach  may  be  seen  in  a  variety  of  references,  including  Davis 
(1996),  and  Michalewicz(1994). 

Parameters  are  treated  in  GA's  through  their  coding  as  chromosomes  which  themselves  comprise  a 
gene.  Each  parameter  is  made  part  of  a  string  which  sequentially  is  made  of  all  the  paremeter/string 
segments.  The  string  segment  is  usually  written  as  a  binary  number  for  ease  of  manipulation.  Hence  all 
the  parameters  are  represented  as  a  string  of  I's  and  O's.  Different  model  parameters  produce  a  different 


305 


string  and  hence  a  different  gene.  Replacing/changing  string  segments,  or  the  numbers  within  a  segment, 
relates  to  crossover  and  mutation. 

GA's  have  three  distinct  features  which  are  common  to  all  variations.  First,  breeding  of  new  generations 
from  parents  occurs.  Here  the  parameter  chromosomes  from  two  parents  are  chopped  up  and  parts 
from  one  are  merged  with  parts  of  the  other  to  make  up  a  child  with  a  slightly  different  gene  from  the 
parents.  This  is  crossover.  Next,  mutation  is  incorporated  through  an  occasional  wildcard  change  of  a 
chromosome  value.  Finally,  there  is  an  'objective'  fimction’-actually  a  figure  of  merit-which  assesses 
the  vitality  of  a  given  gene.  The  best  genes  from  each  generation  are  kept  and  allowed  to  produce 
another  generation.  This  continues  until  some  best  family  of  genes  with  the  highest  objective  fimction 
values  are  obtained. 

It  is  important  to  keep  in  mind  that  the  OE  is  a  separate  engine  from  the  simulator  engine;  it  produces 
model  parameter  values  and  assesses  them,  but  does  not  itself  simulate  the  observables,  such  as  gain, 
pattern,  impedance,  and  so  on. 

FRACTALS  AND  FRACTAL  CODING 

To  date,  the  limited  but  emerging  interest  of  GA's  in  electromagnetics  has  concentrated  on  fairly  simple 
structures.  This  has  been  dictated,  in  part,  by  the  fact  that  each  part  of  the  antenna  model-a  line 
segment  on  a  wire  antenna  for  example-  must  be  specified  by  several  parameters.  The  gene  thus 
becomes  extremely  large  very  quickly.  To  wit;  a  10  wire  model  may  have  3  or  more  degrees  of  freedom 
with  30  plus  parameters  to  be  coded  into  the  gene.  Clearly  a  large  gene  will  invite  a  huge  possibility  for 
genetic  variation  and  the  situation  becomes  potentially  intractable. 

Of  course,  one  can  use  a  'compressed'  coding  whereby  the  the  model  is  represented  by  a  user-defined 
short  hand.  Fractal  and  related  compression  codings  has  already  demonstrated  considerable  robustness 
and  accuracy  in  data  and  images  (see,  for  example3amsiey  and  Hurd,  1993).  Thus  they  invite  an 
extension  to  other  types  of  problems,  such  as  encountered  in  GA  genes.  No  claim  is  made  to  anything 
'magical'  to  a  fi:actal  approach,  but  it  has  proven  of  some  utility  and  is  adopted  here  as  a  working 
compression  model  in  GA . 

One  of  the  advantages  of  fi^ctals  is  that  their  complex  structure  can  be  represented  by  a  handful  of 
variables,  even  though  the  overall  structure  can  be  very  complex.  This  arises  because  of  the 
self-similarity  nature  of  fractals;  the  few  parameters  define  the  structure  of  many  size  scales.  Further 
versatility  is  evinced  through  a  'randomizing'  parameter  and  employing  random  fractals  rather  than 
categorically  self-similar  ones.  Fractal  compression  of  data  and  images  exploits  this  aspect,  hence  the 
seemingly  huge  compression  ratios  (some  in  the  lOOO’s)  often  touted  for  this  scheme. 

A  variety  of  fractal  codes  may  be  utilized.  They  usually  specify  a  coding  for  the  'generator  function’  (the 
pattern  applied  in  self  similarity);  a  parameter  for  iteration,  and  one  or  more  randomization  parameter. 
So-called  iterative  function  system  (IFS)(Banisley,1988;  Bamsely  and  Hurd;  1993)  codings  are  popular 
because  they  have  very  few  parameters,  which  seek  to  specify  the  affine  transformations  which  comprise 
the  iterative  process.  Since  fractal  coding  is  treated  in  depth  in  the  aformentioned  references,  the  details 
will  not  be  repeated  here. 
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SIMPLE  EXAMPLE 


As  a  simple  example,  I  show  an  optimization  of  a  two  dimensional  monopole  defined  around  a  small 
family  of  fi-actal  tree  shapes.  This  antenna  is  not  being  presented  as  THE  optimized  monopole  any  more 
than  a  structure  of  7  or  10  line  segments  can  make  that  claim.  However  it  does  illustrate  the  merging  of 
GA  with  a  simple  fi'actal  coding,  and  the  reduction  of  fi'ee  parameters. 

Since  trees  and  related  structures  such  as  diffusion  limited  aggregates  are  not  well  known  antenna  • 
shapes,  it  helps  to  pose  this  example  as  an  ’optimized’  antenna  which  just  happens  to  be  a  fi-actal. 

The  objective  fimction  chosen  seeks  to  optimize  the  gain  for  a  vertical-ground  plane  antenna  with  a 
narrow  (1%)  bandwidth.  It  was  restricted  to  about  1/3  wave  maximum  height  and  1/3  wave  sideways; 
it  must  be  a  2  dimensional  antenna,  with  a  single  feedpoint  and  no  parasitic  elements.  It’s  impedance 
must  be  real.  The  motivation  was  to  find  a  wire  antenna  whose  attributes  were  not  defined  by  additional 
LC  components,  such  as  the  approach  described  for  optimization  of  wire  antennae  by  Landstorfer  and 
Sacher(1985). 

Explicitly  the  objective  function  chosen  was: 


O  =  (5G  +  3B-2X)/10  [1] 


where  G  is  field  strength  (incorporating  ohmic  losses  to  gain)  in  dbi;  B  is  percent  bandwidth;  X  is 
absolute  value  of  reactance  in  ohms. 

EZNECM  (Lewallen,1996),  a  version  of  NEC2,  was  used  as  the  modeling  engine. 

The  antenna  at  its  simplest  is  a  simple  vertical  monopole  with  elaboration  through  iteration  to  form 
branches  of  various  lengths,  with  length  decreasing  with  height  fi-om  the  ground.  The  chromosome  had 
the  following  parameters:  iteration  number  n  (0  to  3);  ratio  of  branch  length  to  trunk  length  (  0  to  1  in 
15  increments);  angle  firom  trunk  to  branch  (40  to  90  in  10  degree  increments);  randomization  ofifset  for 
opposing  branches  (0  to  0.1  branch  length  in  7  increments);  randomization  ofifset  of  afiSne  translation  for 
iteration  m  of  n  (used  in  mutation  otherwise  set  to  zero).  Note  all  binary  values  were  normalized  to 
meet  the  above.  The  gene  looked  like  (with  some  typical  values): 


01  01001  oil  101  01  [2] 

Spacing  indicates  the  next  parameter,  starting  with  iteration  number  fi-om  left  to  right. 
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In  comparison,  a  standard  parametrization  would  have,  say,  up  to  eight  branches.  Each  branch  would 
have  a  length,  and  angle,  and  a  placement  parameter  and  might  look  like 


111110111 101000001 101010011 1111111100  010101101  101110011  001110101  001111010  [3] 


This  is  much  longer  and  the  possible  variations  and  length  of  the  computational  task  is  obvious. 

Convergence  was  started  vrith  a  gene  pool  of  5  examples.  Culling  was  obtained  for  the  best  4  of  each 
generation.  Convergence  was  obtained  in  10  generations.  The  survivor  is  an  odd  looking  antenna  shown 
in  Figure  1.  This  'uriian  Christmas  tree'  is  shown  with  its  current  distribution  superposed  and  its  power 
pattern  offset  above  a  perfect  ground  plane.  It  has  a  bandwidth  of  0.8%  ;  a  feedpoint  impedance  of 
4.5-j0.8  ohms.  Maximum  height  was  0.34  waves  and  wire  width  was  0.001  waves.  Field  strength  was 
9.0  dBi;  gain  was  10.3dBi. 


Figure  1 
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DISCUSSION 


In  any  scheme  of  optimization,  there  is  some  a  priori  qualification  that  the  scheme  will  converge  within 
certain  boundaries  of  execution.  In  GA's  this  qualification  is  less  than  intuitive  and  invited  a  criticism 
that  GA's  are  not  well  understood.  In  feet,  Davis's  description  (1996)  emphasizes  almost  a  strict, 
cookbook  approach,  lest  the  user  deviate  into  the  many  cold  abysses  of  divergence.  Fractal  coding 
seems  to  invite  further  criticism  of  GA's  in  general-how  do  they  work?  That  they  work  is  clear;  WHY 
they  work  is  still  somewhat  ill-posed  (Coveney  and  Highfield,1995).  In  addition  there  are  two  obvious 
criticisms  of  fi'actal  coding'  1)  in  very  simple  cases  they  provide  less  parameter  fi'eedom  than  a  regular 
approach;  2)  crossover  can  produce  bizarre  hybrids  which  could  be  very  far  fi’om  convergence. 

Point  1  is  merely  an  example  of  a  sophisticated  technique  applied  to  a  simple  program.  As  in  all  such 
cases,  the  advantage  is  moot  or  dubious.  The  fact  that  some  form  of  coding  compression  is  not 
commonly  used  in  GA  electromagnetic  problems  (see,  for  example,  Altschuler  and  Linden,  1997) 
indicates  the  feet  that  they  weren't  needed. 

However,  it  is  very  easy  to  envision  problems  where  the  fi'actal  coding  IS  needed  in  optimization.  One 
obvious  one  is  in  fiactal  arrays  (Werner  and  Werner,  1996).  Here  the  distribution  of  elements  is  fi-actally 
related  so  using  a  non-fiactal  parametrization  to  describe  the  position^  and  lengths  of  the  elements  is  a 
sheer  waste  of  computational  cycles.  A  similar  situatibn  may  be  attributed  to  fi-actal-element  antennas 
(Cohen,1995,1996)  where  the  elements  are  sought  to  be  optimized.And  since  any  complex  structure  can 
be  approximatedhy  a  fractal  or  'fi'actal  collage'  (Barnsley  and  Hurd, 1993)  the  technique  promises 
advantages  to  any  complex  structure  modeling  in  electromagnetics. 

A  great  deal  of  experimentation  -will  be  necessary  to  see  if  convergence  will  always  emerge  with  a 
fi'actal  coding.  One  obvious  benefit  is  that  the  crossover  hybrids  can  remove  the  parameters  fi-om  a 
'convergence  rut'  sometimes  encountered  over  several  generations.  These  ruts  relate  to  Darwiman 
evolution's  punctuated  equilibrium  and  represent  local  maxima  in  the  objective  fimetion  (see  Hillis,  in 
Coveny  and  Highfield,1995).  On  the  flip  side,  the  radical  changes  in  actual  structure  caused  by  fi'actal 
coding  and  crossover  may  yield  the  opposite  situation  and  produce  a  convergence  rut.  There  is  the 
temptation  to  stop  after  x  generations  if  no  obvious  improvement  are  evident.  This  is  a  clear  bias  based 
upon  Newton-Raphson  approaches  to  incremental  improvements  in  optimization.  A  fair  warning; 
improvements  in  the  objective  function  with  fractal  coding  will  NOT  necessarily  be  incremental  as  a 
fimetion  of  generation,  any  more  than  they  are  in  actual  Darwinian  evolution. 

SUMMARY 

Fractal  coding  of  the  model  parameters  offers  a  possible  means  of  simplifying  the  optimization  process 
in  GA's  in  electromagnetics.  Reduction  in  the  number  of  iterations  and  crossovers  is  clear— within 
certain  'cookbook'  limits,  yet  to  be  fiilly  explored. 
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An  FDTD/FVTD  2D-algorithin  to  solve  Maxwell’s  equations 
for  a  thinly  coated  cylinder 
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Lockheed  Palo  Alto  Research  Laboratories 
Palo  Alto,  California,  August  1995 

Abstract 

A  recently  devised  finite  difference  and  finite  volume  time  domain  hybrid  scheme  [1]  has 
simplified  the  process  for  calculating  the  electromagnetic  scattering  for  a  large  class  of  2-D 
scanering  problems  [2].  The  computational  grid  is  conformal  to  the  object.  This  paper 
expands  further  the  capability  of  the  EDTD/FVTD  hybrid  to  2-D  objects  coated  with  a 
physically  thin  and  optically  thick  layer  of  dielectric.  The  formulation  is  general  but  the 
computations  were  carried  out  for  a  circular  cylinder.  The  results  compare  quite  good  with 
infinite  series  solution. 


1.  Introduction 

This  paper  is  a  funher  extension  of  the  previous  publications  [1,2].  We  refer  interested 
readers  to  the  following  references  for  a  historical  account  of  the  work  various  researchers 
have  contributed  to  the  conformal  time  domain  techniques  [1, 2,  3].  The  modeling  of  an 
object  coated  with  a  physically  thin  but  optically  thick  layer  of  dielectric  has  been  a 
challenging  problem  for  the  numerical  electromagnetists.  It  is  now  quite  simple  to  model 
conformally  PEC  object  coated  with  a  thin  layer  of  dielectric.  Modeling  thin  layer  structure 
with  the  FDTD  has  been  considered  by  Tikras  and  Demarest  [4].  In  this  paper  we  specialize 
our  3-D  EDTD/FVTD  technique  for  2-D  calculations.  The  calculation  is  further  simplified 
with  the  substitution  of  the  traditional  radiation  boundary  condition  (RBC)  by  a  newly 
discovered  tapered  damping  technique  near  the  outer  computational  boundary  [5]. 
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The  general  relations  on  which  the  FDTD  and  FVTD  algorithms  are  based  as  well  as  PEC 
boundary  conditionare  are  given  in  the  above  references.  Here  we  shall  only  give  enough 
details  to  make  this  paper  comprehensive.  We  start  from  the  Maxwell's  equations  in  integral 
forms. 


-  \  B*  da  E  •dl 

JA  JdA 

Faraday's  Law  (line-surface) 

(la) 

J  H*dT 

A  dA 

Ampere's  Law  (line-surface) 

(lb) 

f  Ddv  =  f  hxH da 

Jv  JBV 

Faraday's  Law  (surface-volume) 

(2a) 

f  Ddv  —  \  hx.H da 

Jv  Jdv 

Ampere's  Law  (surface-volume) 

(2b) 

We  refer  to  the  line  integral  in  equation  (la)  as  the  electric  circulation;  the  line  integral  in 
equation  (lb)  as  the  magnetic  circulation;  the  surface  integral  in  equation  (2a)  as  the  electric 
vorticity;  and  the  surface  integral  in  equation  (2b)  as  the  magnetic  vorticity.  The  (generalized) 
FDTD  algorithm  is  developed  from  the  discretization  of  Equations  1,  while  the  FVTD 
algorithm  is  based  on  the  discretization  of  Equations  2.  In  specializing  to  2-D,  we  take  the 
volume,  in  Eqs.  2,  to  be  prisms  with  height  equal  to  one  unit  length,  and  the  trace  of  a  prism  in 
the  x-y  plane  to  be  a  curve.  For  numerical  calculations  the  volumes  and  areas  should  be  taken 
to  be  small  compared  to  the  wavelength  of  interest  for  accuracy  and  the  volumes  and  areas  can 
not  be  too  irregular.  The  sampling  point  for  the  integrands  should  be  at  the  centroid  of  the 
volume  or  the  centroid  of  the  area  whenever  it  is  possible. 

3,  Grid  and  variable  location  for  FDTD  and  FVTD 
Given  a  computational  grid  we  call  it  an  FDTD  grid  if  an  electric  field  component  is 
associated  with  each  edge  at  the  "edge  center"  and  a  magnetic  field  component  is  associated 
with  a  face  at  the  "face  center".  The  grid  will  be  an  FVTD  grid  if  the  electric  vector  E  is 
associated  with  each  vertex  and  the  magnetic  vector  H  is  associated  with  the  "center"  of  each 
"element".  These  terminologies  are  illustrated  in  rectangular  grids  in  2-D  in  Figures  la-lc. 
3.1  Grids  for  PEC  object  coated  with  a  thin  layer  of  dielectric 
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The  spatially  staggered  and  time  leap  frogging  FDTD/FVTD  give  us  the  flexibility  to  have 
arbitrary  grids.  Our  PEC  object  is  coaled  with  a  physically  thin  but  optically  thick  layer  of 
dielectric.  It  is  common  knowledge  that  the  variation  of  the  total  field  in  the  direction  normal 
to  the  surface  is  more  drastic  than  in  the  tangential  direction.  Therefore,  we  use  a  finer  spatial 
discretiz:ation  in  the  normal  direction  and  a  coarser  discretization  in  the  tangential  direction. 
We  show  such  a  grid  for  a  circular  cylinder  coated  in  Figure  2.  The  FDTD  algorithm  is  very 
simple  in  an  orthogonal  grid  and  it  is  very  convenient  for  the  simulation  of  the  boundary 
condition;  it  is  ,  however,  quite  clumsy  in  an  unstructured  non-orthogonal  grid.  Our  FVTD  is 
convenient  in  unstructured  grids  and  not  as  convenient  as  the  FDTD  to  simulate  boundary 
condition.  We  therefore  propose  to  use  the  FDTD  in  the  region  near  the  body  (region  1 , 
Figure  2)  and  use  the  FVTD  in  the  outer  region  (region  2,  Figure  2). 

4.  Boundary  Conditions 

The  FDTD  alogrithm  is  natural  for  PEC  boundary  condition  since  the  component  of  the 
electric  field  along  a  boundary  edge  is  known.  It  is  also  quite  natural  across  an  interface  of 
two  media  since  only  tangential  components  of  the  electric  field  are  located  there.  The  PEC 
boundary  condition  simulation  for  FVTD  is  given  in  [2],  Here  we  shall  give  more  details  on 
the  boundary  condition  simulation  between  two  media  for  FDTD. 

4.1.  Boundary  Condition  Between  Two  Media 

The  2-D  boundary  condition  between  two  different  media  is  a  specialization  of  that  for  3-D. 
The  magnetic  contour  needed  to  update  the  electric  field  component  at  point  p  (Fig.  3)  is 
shown.  Let  t  be  the  direction  for  this  component.  The  normal  component  of  the  magnetic 
field  at  the  boundary  points  are  not  continuous.  Therefore  in  the  evaluation  of  the  line  integral 
one  must  take  into  account  of  this  discontinuities.  The  equation  for  the  updating  of  this 
electric  field  component  is  (based  on  (lb)  with  loss) 
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J*  H  •ds  =  J*  f  •  (i3  +  CT E')dci~  /  •  (ZDj  +  O’!  E-^  ')+A2 1  •  (.E^2  ^2  ^2^ 
ba  a 

=Ea  At  •Ei  +  Og^At*  El  =£^  At  •  E2  +  cr^  A/  •  E2  (3) 

where  A]  and  A2  are  the  fractional  areas  enclosed  by  the  contour  in  the  medium  1  and  the 

medium  2  respectively  and  where 

£.q=^{A^£\-vA2£2)I A\  (T^=(AjCr| +A2(72)/A;  A=A]+A2 

4.2  A  more  accurate  FDTD  boundary  condition  simulation  across  a  dielectric  boundary 
(roof  top  approximation) 

The  FDTD  boundary  condition  approximation  in  section  4.1  assumes  that  the  electric  field  in 
each  area  A 1  and  A2  are  constant  ( in  this  case  they  are  the  same  constant).  In  the  evaluation 
of  the  magnetic  line  integral,  the  magnetic  field  components  are  also  assumed  to  be  piece  wise 
constant.  This  assumption  may  introduce  intolerable  error  if  the  dielectric  constants  in  the 
two  medium  differ  greatly.  We  make  the  following  observation: 

If  we  approximate  an  area  integral  by  multiplying  the  area  by  the  value  of  the  integrand  at  the 
center  of  the  area,  we  introduces  an  error  of  0{Ax)2.  This  accuracy  can  only  be  attained  if  the 
variable  has  a  continuous  second  derivatives.  Across  an  interface  the  electric  field 
components  and/or  the  magnetic  field  components  may  or  may  not  be  continuous. 
Definitively,  they  are  not  continuously  differentiable  twice.  Therefore  the  approximation  used 
in  the  ordinary  FDTD  will  be  of  lower  accuracy.  We  can  improve  the  accuracy  by  noticing 
that  the  variable  are  continuously  differentiable  twice  in  the  tangential  directions  and  in  the 
interior  of  each  region;  but  the  first  derivative  along  the  normal  may  not  be  the  same. 
Therefore,  we  assume  that  the  variables  are  piece  wise  linear  in  the  normal  direction.  For 
clarity  of  discussion  we  refer  to  Fig.  3  with  the  following  notations 

T  is  the  unit  normal  to  the  area  enclosed  by  the  contour  2-4-8-10-2. 
t3  is  the  unit  tangent  along  the  side  2-4. 
t7  is  the  unit  tangent  along  the  side  4-8. 
t9  is  the  unit  tangent  along  the  side  8-10. 
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tn  is  the  unit  tangent  along  the  side  10-2. 

T*E  =  Ex  is  the  component  of  the  electric  field  in  the  T  direction. 
t3*H  =  H3  is  the  magnetic  field  component  along  the  side  2-4. 
t7*H  =  H7  is  the  magnetic  field  component  along  the  side  4-8. 
t9*H  =  H9  is  the  magnetic  field  component  along  the  side  8-10. 
tll*H  =  Hll  is  the  magnetic  field  component  along  the  side  10-2. 

Note  that  H3  niay  not  be  continuous  across  the  point  3.  But  H7  has  continuous  second 
derivative  in  the  direction  of  4-8.  In  the  evaluation  of  the  area  integral  we  assume  that  Ex  is 
linear  from  the  point  p  to  the  point  q;  and  Ex  is  also  linear  from  the  point  r  to  the  point  p. 
These  two  linear  functions  do  not  have  to  be  the  same.  Also  in  the  evaluation  of  the  magnetic 
circulation  from  the  point  3  to  point  4  we  assume  that  H3  is  linear  from  the  points  3  to  the 
point  5.  The  approximation  made  here  is  intuitively  more  accurate  than  that  in  the  previous 
section  and  we  shall  show  this  with  computations  in  a  later  section.  Let  Sij  denote  the  arc 
length  from  points  i  to  point  j  we  refer  to  Fig.  3  to  get  the  following  approximations: 
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4.3  FDTD  Boundary  Condition  Simulation  Across  a  Dielectric  Boundary  (flat  top 
approximation,  explicit  expressions  from  section  4.1) 

The  flat  top  approximation,  which  is  more  crude  than  the  approximation  given  in  section  4.2 
would  have  the  following  approximations: 


316 


3 

J^^7=//3(3“)523 


2 

8 


J 


=//7(7)S48 


4 

2 


J 


H^dl  =//ii(11)5i0  2 


4 

J  77  •rf7=//3  (3^)534. 

3 

9  10 

j77*rf7=//9(9^)589  J^*^f7=//9(9“)59  10 

8  9 

J  ^  •  rfa  =(/ll ei -1- /l2 £2  )^7' (/>) 


lO 

4.4a  Rooftop  approximation  across  a  cylindrical  dielectric  boundary  for  TM  wave. 

The  free  space  zone  thickness  is  A  and  the  dielectric  zone  thickens  is  ^  .  (Figure  4 )  The 
index  i  corresponds  to  the  radial  (  r  or  n)  direction  and  the  index  j  corresponds  to  the  angular 
( theta  or  s)  direction.  The  boundaiy  corresponds  to  i  =  L  For  convenience  we  introduce  the 
following  notations: 


Si,j  =|r  (7,  y  + 1  /  2)  -  r  (/,  7  - 1  /  2)| 

5/j=|r(/-l/2,y  +  l/2)-F(/-l/2,y-l/2)| 
5/j=|r(/  +  l/2,y  +  l/2)-F(/  +  l/2,y-l/2)| 


The  resulting  equation  are  (based  on  the  discussion  of  4.2  ): 
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4.4b  Rooftop  approximation  across  a  cylindrical  dielectric  boundary  for  TE  wave. 

Following  the  notations  of  the  last  section,  we  can  derive  the  equation  to  update  the  z- 
component  of  the  electric  vector. 

'(A;  + 1  /  2)  =  £g(/,7  + 1  /  (/  -  l.y + 1  /  2)  -  £§(/  - 1,;  + 1  /  2)) 

■  ■l£g-"V/+U+l/2)-£a(/+W  +  l/2)l 

3£5+3£c,A 

+ - ^ (/  + 1  /  2,y  + 1  /  2)  -  2)] 

(3e5  +  3£oA) 


(5) 


5.  Computational  results 

We  present  calculations  in  this  section  of  both  TM  and  TE  waves  scattering  from 
circular  cylinders  coated  with  a  thin  layer  of  dielectric.  The  radius  of  the  circular  cylinder 
is  1  meter,  the  thickness  of  the  dielectric  medium  is  0.025m,  the  grid  size  is  delx=0.05m. 
For  all  the  calculations,  the  thin  layer  material  is  divided  into  5  zones  in  the  radial 
direction.  We  use  the  FDTD  algorithm  in  the  orthogonal  cylindrical  grid  (region  1, 

Figure  2)  in  the  neighborhood  of  the  body  and  use  FVTD  in  the  irregular  grid  (region  2, 
Figure  2).  The  distance  from  the  outer  boundary  of  FVTD  computational  grid  to  the 
surface  is  30  zones  which  includes  10  zones  of  tapered  damping.  The  input  signal  is  a 
Gaussian  shape  pulse  with  the  half  width  of  the  pulse  equal  to  20At.  The  bistatic  RCS 
calculation  at  f=300  MHz  are  presented  along  with  the  theoretical  value  based  on  the 
series  solution  [6].  The  wavelength  in  the  medium  is  0.1m  for  a  medium  with  the  index 
of  refraction  equal  to  10  at  300MHz;  and  the  thickness  of  the  thin  layer  is  equal  to  a 
quarter  of  wavelength  in  the  medium  at  this  frequency.  Figures  5a  and  Figure  5b  are  the 
Bistatic  TM  RCS  for  two  different  sets  of  eps  and  mu.  Figure  6a  and  Figure  6b  are  the 
Bistatic  TE  RCS  for  two  different  sets  of  eps  and  mu.  The  difference  in  RCS  using  flat- 
top  and  roof-top  approximation  for  the  TE  wave  is  small,  but  the  difference  in  RCS  for 
TM  is  pronounced. 
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6.  Conclusion 

We  have  presented  some  calculation  of  the  RCS  by  a  circular  cylinder  coated  with  a  thin 
layer  of  dielectric.  In  this  paper  we  make  use  of  the  flexibility  of  the  FVTD  in  an  unstructured 
grid  away  from  the  scatterer  and  the  FDTD  in  an  orthogonal  grid  next  to  the  scatterer.  We 
also  employed  the  easy  to  implement  outer  boundary  condition  simulation  [5]  to  allow  us  to  , 
truncate  the  computational  region  not  with  a  rectangular  outer  boundary  but  with  an  irregular 
boundary.  The  realization  and  the  implementation  of  the  piece  wise  linear  approximation  of 
the  variables  across  he  interface  of  two  media  further  improve  the  accuracy  of  our  algorithm. 
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Fig.  4  The  contour  used  to  update  Bz  at  the  interface 
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Improved  computational  efficiency  by  using 
sub-regions  in  FDTD  simulations 

Eric  A.  Jones  and  William  T.  Joines  * 


This  paper  presents  a  method  of  dividing  a  Finite  Difference  Time  Domain  Method  (FDTD)  problem 
space  into  multiple  sub-regions.  Each  sub-region  has  its  own  set  of  field  arrays  and  uses  update 
equations  customized  to  the  properties  of  the  sub-region.  After  each  half-time  step,  neighboring  sub- 
regions  communicate  the  field  values  shared  at  their  common  boundary  so  that  waves  travel 
uncorrupted  from  one  sub-region  to  another.  This  regional  FDTD  method  produces  the  same  results  as 
the  standard  FDTD  method,  but  it  is  both  computationally  more  efficient  and  less  memory  intensive.  It 
is  particulary  well-suited  for  rectangular  waveguide  simulations  where  it  provides  a  speed  up  of  as 
much  as  3.83  and  a  memory  savings  of  up  to  94%,  as  shown  by  an  example. 


1.  Introduction 

The  versatihty  of  the  Finite  Difference  Time  Domain  Method  (FDTD)  makes  it  suitable  for  solving  a 
variety  of  problems  in  electromagnetics.  The  standard  approach  of  implementing  the  FDTD  algorithm 
treats  the  problem  space  of  a  simulation  as  one  computational  region.  The  entire  problem  space  is 
represented  with  a  single  set  of  field  arrays,  and  these  arrays  are  updated  using  a  single  set  of  update 
equations.  Here  we  present  a  method  of  dividing  the  problem  space  into  multiple  sub-regions.  Each 
sub-region  has  its  own  set  of  field  arrays  and  uses  update  equations  customized  to  the  properties  of  the 
sub-region.  After  each  half-time  step,  neighboring  sub-regions  communicate  the  field  values  Shared  at 
their  common  boundary  so  that  waves  travel  uncomipted  from  one  sub-region  to  another.  This 
regional  FDTD  method  produces  the  same  results  as  the  standard  FDTD  method,  but  it  is  both  more 
computationally  efficient  and  less  memory  intensive. 

Dividing  the  problem  space  into  multiple  sub-regions  has  the  following  five  advantages  over  treating  it 
as  a  singki  large  region.  First,  since  the  update  equations  only  have  to  be  valid  over  a  small  sub-region, 
they  are  often  more  efficient  than  using  a  single  set  of  general  purpose  update  equations  for  the  entire 
region.  For  example,  the  update  equations  for  a  homogeneous-lossless  medium  are  less  complex  than 
the  update  equations  necessary  to  simulate  an  inhomogeneous-lossy  region.  Second,  by  separating  out 
homogenous  regions,  memory  is  saved  because  there  is  no  need  to  store  a  material  array  to  identify  the 
type  of  material  at  each  grid  point  inside  the  sub-region.  The  entire  sub-region  can  use  the  same 
material  constants  and  the  efficient  homogeneous  update  equations.  Third,  the  shape  of  the  problem 
space  is  no  longer  restricted  to  a  single  rectangular  region.  The  problem  space  can  consist  of  several 
connected  cubical  sub-regions.  This  is  particularly  useful  for  waveguide  problems  that  do  not  fit 
efficiently  into  a  single  rectangular  region.  Fourth,  it  should  be  possible  to  use  sub-regions  with 
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different  grid-densities  within  the  same  problem  space.  This  would  allow  the  intricate  features  in  one 
sub-region  to  be  resolved  without  increasing  the  grid  density  of  the  entire  problem  space.  It  should 
also  be  possible  to  use  sub-regions  with  unstructured  grids  to  model  parts  of  a  problem  that  do  not  fit 
on  a  rectangular  grid  while  the  rest  of  the  problem  is  modeled  with  sub-regions  that  use  more  efficient 
rectangular  grids.  Fifth,  while  all  of  the  suggested  advantages  are  realizable  on  single  processor 
machines,  the  sub-region  approach  is  also  well-suited  for  parallel  processing. 

This  paper  is  organized  in  the  following  manner.  Section  2  looks  at  the  difference  in  computational 
complexity  of  several  different  FDTD  update  equations  as  a  motivation  for  developing  the  regional 
FDTD  method.  Section  3  then  discusses  the  implementation  issues  of  the  method.  Section  4  applies 
the  method  to  two  different  types  of  problems:  1)  scattering  firom  a  lossy,  dielectric  object,  and  2) 
simulation  of  a  magic-tee  waveguide  structure. 


2.  FDTD  Update  Equations 

The  computational  complexity  of  the  update  equations  for  FDTD  is  dependent  on  the  type  of  region 
under  simulation.  Equations  (1)  and  (2)  show  two  of  the  six  general  FDTD  update  equations  necessary 
to  update  the  electric  and  magnetic  field  components  of  an  inhomogeneous  medium  of  lossy  materials 
where  Ax^Ay^Az.  The  other  four  equations  are  very  similar  to  these.fl,  ch.  3] 
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where  Ca  through  C/  are  determined  by  the  material  constants  present  at  a  specific  grid  point.  The  set 
of  six  update  equations  requires  a  total  of  1 8  multiplications  to  calculate  the  field  values  at  a  point  for  a 
single  time  step.  It  is  also  necessary  to  access  an  array  to  determine  what  material  exists  at  each  field 
point.  A  method  outlined  in  [2]  uses  an  integer(or  byte)  value  to  indicate  the  type  of  material  present  at 
each  grid  point.  Because  all  of  the  E-field  and  H-field  values  are  staggered  in  space,  six  different 
material  arrays,  one  for  each  field  component,  are  needed  to  store  the  material  types.  This  uses  less 
memory  than  creating  an  array  for  each  of  the  material  constants. 

Of  course,  equations  (1)  and  (2)  are  also  valid  for  a  homogeneous  region  of  lossless  material  where 
Ax5*  Ay  9^^  Az,  but  they  are  not  the  most  efficient  equations  for  this  simplified  situation.  For 
homogeneous-lossless  regions,  equations  (1)  and  (2)  simplify  to  the  following  equations; 
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There  axe  two  major  differences  between  equations  (3)  and  (4)  and  their  slower  cousins.  First,  because 
the  region  is  lossless,  Ca=  O  =  1,  and  therefore  they  can  be  left  out  of  the  equation.  This  reduces  the 
required  number  of  multiplications  for  the  set  of  six  update  equations  from  18  down  to  12  and  results  in 
equations  that  are  more  computationally  efficient.  Second,  because  the  region  is  homogeneous,  Cb,  C, 
Ce,  and  Qdo  not  vary  from  grid  point  to  grid  point.  This  saves  memory  because  the  arrays  that  track 
which  material  is  present  at  each  grid  point  are  no  longer  necessary.  Also,  now  Cb,  C,  C,  and  Q  can 
be  stored  in  registers.  This  is  also  more  computationally  efficient  because  it  reduces  the  amount  of  data 
that  is  retrieved  from  memory  and  leaves  more  space  in  the  memory  cache  for  the  field  arrays. 

Ttiere  are  many  different  special  case  update  equations.  Table  1  compares  the  memory  and 
computational  requirements  for  several  different  update  equations  used  on  a  50x50x50  region  where 
Ax  Ay  #  Az.  The  run  time  is  the  amount  of  time  required  to  execute  100  time  steps  on  a  Dell  XPS 
Pentium- 120.  Floating  point  numbers  (4  bytes)  were  used  to  store  field  values  and  short  integers 
(2  bytes)  were  used  to  store  material  types. 


Type  of  Medium 

Run  Time 

(seconds) 

Total 

Memory 

(MB) 

Speed  Up 

Memory 

Savings 

63.4 

7.50 

0.63 

-67% 

Lossy 

Inhomogeneous 

40.2 

4.50 

1.00 

0% 

Electrically  Lossy  and 
Inhomogeneous 
Magnetically  Lossless  and 
Homogeneous 

31.1 

3.75 

1.29 

17% 

Lossless 

Homogeneous 

22.6 

3.00 

1.78 

33% 

Perfect  Electric  Conductor 
(PEC) 

00.0 

0.00 

- 

100% 

Table  1:  This  table  compares  the  run  time  and  memory  requirements  for  several  different  FDTD 
update  equations  used  to  update  a  50x50x50  grid  for  100  time  steps  on  a  Dell  XPS 
Pentium  120  with  40  MB  of  RAM.  Field  values  were  4»byte  floating  point  numbers 
and  material  types  were  2-byte  integer  values.  Speed  up  and  memory  savings  are 
calculated  using  the  lossy-inhomogeneous  case  as  a  reference. 
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The  table  shows  that  the  homogeneous-lossless  case  provides  a  speed  up  of  1.78  over  the 
inhomogeneous-lossy  case.  The  homogeneous-lossless  case  also  provides  a  33%  memory  savings  over 
the  inhomogeneous-lossy  case.  Here  the  following  definitions  have  been  used: 


SpeedUp  = 


RunTimepid 

RunTime  onpnved 


MemorySavings  = 


Memory ou  -  Memory j^prced  .. 

Memoryoid 


The  perfectly  matched  boundary  layer  condition  (PML)  update  equations  are  also  included  in  this  table. 
The  split-field  formulation  originally  developed  by  Berenger  is  used  to  implement  these  update 
equations  [3].  They  are  much  more  computationally  intensive  than  any  of  the  other  cases.  This  implies 
that  when  the  split-field  PML  layer  is  used  to  truncate  a  problem  space,  most  of  the  computation  time 
is  spent  updating  the  boundary  region.  Recently  a  more  efficient  form  of  the  PML  has  been  developed 
by  Gedney  which  should  ameliorate  this  situation  [4]. 

3 .  Dividing  a  Problem  Space  into  Regions 

Standard  FDTD  simulations  represent  the  problem  space  using  a  single  large  grid.  If  there  is  a  single 
inhomogeneous-lossy  region  in  an  otherwise  homogeneous-lossless  problem  space,  the  whole  problem 
space  is  updated  using  the  inhomogeneous-lossy  equations.  It  is  obvious  fi'om  Table  1  that  a  price  is 
paid  for  using  these  equations.  If  instead  the  problem  is  split  up  into  sub-regions  so  that  each  sub- 
region  uses  the  most  efficient  update  equations  that  are  valid  in  the  region,  both  time  and  memory  are 
saved. 


Figure  1;  a)  Shows  an  FDTD  problem  space  containing  a  single  lossy  dielectric  object  b)  The 
problem  space  divided  into  sub-regions  of  homogeneous  materials. 
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Figure  1  illustrates  how  the  regional  method  is  applied  to  a  problem  with  a  block  of  lossy  material 
suspended  in  air.  In  the  regional  FDTD  method,  the  simulation  region  is  divided  into  seven  blocks  as 
shown  in  Figure  lb.  Now  the  lossy  material  is  in  its  own  sub-region  isolated  from  the  air  surroundings, 
and  it  can  use  the  homogeneous-lossy  update  equations.  The  other  six  regions  of  air  will  use  the 
homogeneous-lossless  update  equations. 

While  dividing  the  problem  space  into  smaller  sub-regions  improves  the  efficiency  of  the  update 
equations,  it  also  adds  some  complexity  to  the  problem.  After  each  field  update,  the  sub-regions  must 
communicate  the  field  values  along  their  borders  with  their  neighboring  sub-regions.  In  this  way,  fields 
that  propagate  out  of  one  sub-region  seamlessly  propagate  into  a  neighboring  sub-region.  For  this  to 
work,  neighboring  grids  must  overlap  slightly  so  that  they  share  the  border  grid  points  between  them. 
Only  one  of  the  grids  is  responsible  for  updating  the  border  grid  points.  It  then  sends  the  calculated 
values  to  its  neighboring  grid.  It  is  easier  to  illustrate  how  this  is  done  on  a  two-dimensional  grid  rather 
than  on  a  three-dimensional  grid.  Three  two-dimensional  sub-grids  are  shown  in  Figure  2a. 
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Figure  2:  a)  This  ^;ure  shows  the  computational  grids  for  three  neighboring  sub-regions  of  a 
two-dimensional  FDTD  problem.  Solid  gray  circles  indicate  E,  field  points  that  the 
sub-grids  are  responsible  for  computing.  Solid  gray  arrows  indicate  H*  and  Hy  fields 
that  the  sub-grids  are  responsible  for  computing.  Empty  circles  and  arrows  indicate 
field  values  that  the  sub-grid  expects  to  receive  from  a  neighbor.  Black  circles  and 
arrows  indicate  field  values  that  are  never  used  in  any  computations  by  the  sub-grids, 
b)  The  three  sub-grids  from  (a)  are  assembled  to  form  the  entire  rectangular  problem 
space.  All  of  the  hollow  circles  and  arrows  in  the  middle  of  the  problem  are  now  filled 
in  by  a  neighboring  sub-grid.  The  hollow  circles  and  arrows  along  the  boundary  of  the 
problem  are  determined  from  boundary  conditions. 

These  three  grids  fit  together  to  form  a  square  as  shown  in  Figure  2b.  The  solid  gray  circles  in  each 
sub-grid  represent  the  Ez  field  values  that  the  grid  is  responsible  for  updating.  The  empty  circles  are  the 
Ez  field  values  that  the  sub-grid  expects  to  receive  firom  a  neighbor.  After  each  nW2th  time  step,  grid  1 
has  calculated  E-field  values  that  are  needed  by  grids  2  and  3,  so  it  sends  them  the  appropriate  E-field 
values.  In  a  similar  fashion,  the  solid  gray  arrows  in  each  sub-grid  represent  the  Hx  and  Hy  field  values 
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that  the  grid  is  responsible  for  updating,  and  the  empty  gray  arrows  are  the  Hx  and  Hy  field  values  that 
the  grid  expects  to  receive  from  a  neighbor.  After  each  nth  time  step,  grids  2  and  3  have  calculated  H- 
field  values  that  are  needed  by  grid  1,  so  they  send  it  the  appropriate  field  values.  Black  circles  and 
arrows  on  a  sub-grid  represent  field  values  that  are  never  used  in  any  calculations  made  in  that 
particular  sub-grid.  Therefore,  it  is  not  necessary  to  exchange  or  operate  on  the  field  at  black  grid 
locations. 

As  an  inhoraogenoues  region  is  divided  into  multiple  homogeneous  sub-regions,  the  communications 
overhead  becomes  greater  and  greater.  Also,  as  the  size  of  sub-regions  becomes  smaller,  the  size  of  the 
field  arrays  also  becomes  smaller.  This  reduces  the  efficiency  of  the  update  equation  loops.  Test  runs 
on  a  60x60x60  inhomogenoues  cube  indicate  that  the  region  can  be  divided  into  about  35 
homogeneous  sub-regions  before  these  costs  outway  the  computational  benefits  of  using  more  efficient 
homogeneous  equations. 

Dividing  the  problem  space  into  sub-regions  is  not  the  only  way  to  take  advantage  of  more  efficient 
update  equations  at  individual  grid  points  in  a  problem  space.  It  also  possible  to  use  “if-then” 
statements  inside  the  field  update  loops  to  determine  which  update  equation  is  valid  for  a  particular  grid 
point.  The  regional  FDTD  method  has  several  advantages  over  this  approach.  First,  the  regional 
FDTD  method  offers  a  memory  savings  while  the  “if-then”  method  does  not.  Second,  “if-then 
statements  inside  inner  loops  are  usually  handled  well  by  standard  processors,  but  they  are  extremely 
expensive  on  vector  processors  [1,  ch.  16].  And  finally,  there  are  situations  where  the  if-then 
approach  would  not  work,  and  the  regional  FDTD  method  may  work.  These  include  using  sub-regions 
with  different  grid  densities  or  even  unstructured  grids  in  the  same  problem  space  with  normal  cartesian 
sub-regions.  These  topics  are  subjects  of  current  research.  In  the  next  section,  the  regional  FDTD 
method  developed  in  this  section  is  applied  to  two  example  problems. 

4.  Two  Examples 

In  the  first  problem,  a  80x80x10  lossy,  dielectric  block  is  suspended  in  a  100x100x30  free-space  region. 
This  problem  is  similar  to  the  simulation  of  a  planar  antenna  on  a  dielectric  substrate.  Table  2 
compares  the  run  time  and  memory  usage  for  both  the  standard  FDTD  method  and  the  regional  FDTD 
method.  For  the  standard  FDTD  method,  the  problem  space  was  treated  as  an  inhomogeneous-lossy 
region.  For  the  regional  FDTD  method,  the  problem  space  was  divided  into  homogeneous  sub-regions 
as  discussed  in  the  previous  section.  The  first  part  of  Table  2  shows  that  the  regional  FDTD  method 
provides  a  computational  speed-up  of  1.12  and  a  14.4%  memory  savings  over  the  standard  FDTD 
method. 

Most  practical  problems  must  be  truncated  by  an  absorbing  boundary  condition.  The  second  part  of 
Table  2  adds  a  five  layer  PML  region  around  the  problem  space.  This  PML  region  is  composed  of  six 
adjoining  sub-regions  that  form  a  cubical  shell  around  the  problem  space  for  both  the  standard  and 
regional  FDTD  methods.  As  evidenced  by  the  increased  run  time,  the  computational  and  memory 
burden  of  the  PML  region  are  much  larger  than  that  of  the  problem  space.  This  reduces  the  benefits  of 
the  regional  FDTD  method  considerably  because  it  does  not  optimize  performance  in  the  boundary 
region.  Now  the  regional  FDTD  method  provides  a  computational  speed-up  of  only  1.023  and  a  6.4% 
memory  savings  over  the  standard  FDTD  method.  Again  it  is  noted  that  the  split-field  implementation 
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of  the  PML  method  which  was  used  in  these  simulations  is  not  as  efficient  as  recently  developed 
implementations  of  the  PML  [4]. 


1  No  PML  ! 

Algorithm 

Run  Time 
(sec) 

Speed  Up 

Memory  Savings 

Standard  FDTD 

65.8 

9.0 

1.00 

0.0% 

58.8 

7.7- 

1.12 

14.4  % 

1  WUh  5  Layer  PML  1 

Algorithm 

Run  Time 
(sec) 

Memory  Used 
(MB) 

Speed  Up 

Memory  Savings 

Standard  FDTD 

172.4 

20.0 

1.00 

0.0% 

Regional  FDTD 

168.8 

18.8 

1.02 

6.4% 

Table  2:  Compares  the  standard  FDTD  method  and  the  regional  FDTD  method  for  an  FDTD 
simulati<Hi  of  a  80x80x20  lossy  dielectric  block  imbedded  in  a  100x100x30  free-space 
region.  Results  are  shown  for  simulation  with  and  without  a  PML  boundary  region. 
The  standard  FDTD  method  is  used  as  the  reference  for  speed  up  and  memory  savings 
calculations. 


The  second  example  concerns  the  simulation  of  a  waveguide  component.  If  a  magic-tee  is  simulated 
using  the  standard  FDTD  method,  the  cubical  region  outlined  in  Figure  3a  must  be  simulated.  Much  of 
this  space  lies  outside  of  the  waveguide  and  is  therefore  irrelevant  to  the  problem.  Figure  3b  shows 
how  the  irrelevant  regions  can  be  trimmed  away  using  the  regional  FDTD  method  so  that  only  regions 
inside  the  waveguide  are  left  in  the  problem.  This  results  in  a  substantial  savings  in  memory.  It  is  also 
more  computationally  efficient.  Even  if  the  standard  FDTD  method  only  calculates  field  values  that 
are  inside  the  problem  space,  it  must  still  take  the  time  to  look  at  every  grid  point  to  determine  if  it  is 
within  the  waveguide.  The  regional  FDTD  method  avoids  this  unecessary  overhead. 


Figure  3:  FDTD  simulation  a  magic-tee.  The  outline  in  (a)  defines  the  region  that  is  simulated 
using  the  standard  FDTD  method.  In  the  regional  FDTD  method,  the  problem  is 
divided  into  3  sub-regions  as  shown  in  (b). 
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Consider  the  case  where  each  arm  of  the  magic-tee  has  the  dimensions  of  10x20x50  cells.  The  problem 
space  for  a  standard  FDTD  implementation  would  have  to  be  60x70x120  cells.  This  requires  15.12  MB 
of  memory.  Calculating  field  values  inside  the  wave  guide  for  100  time  steps  requires  38.12  seconds  on 
a  Dell  XPS  Pentium- 120.  In  contrast,  the  problem  can  be  separated  into  three  separate  sub-regions 
which  measure  10x20x50,  10x20x50,  and  10x20x120.  Using  this  regional  approach,  the  problem  only 
requires  1.03  MB  of  memory  and  only  requires  9.94  seconds  to  execute  100  time  steps  resulting  in  a 
speed  up  of  3.83  and  a  memory  savings  of  93%  over  the  standard  FDTD  method.  This  is  a  very 
substantial  improvement.  These  results  are  shown  in  Table  3. 


1  Masic-Tee  Waveguide  Comparison  \ 

Algorithm 

Speed  Up 

Memory  Savings 

Standard  FDTD 

38.12 

15.12 

1.00 

0.0% 

9.94 

1.03 

3.83 

93.2  % 

Table  3:  Compares  the  standard  FDTD  method  and  the  regional  FDTD  method  for  an  FDTD 
simulation  of  magic-tee  waveguide  component  The  standard  FDTD  method  is  used  as 
the  reference  for  speed  up  and  memory  savings  calculations. 


5.  Conclusion 

A  regional  FDTD  method  has  been  presented  which  connects  multiple  sub-regions  to  form  a  single 
problem  space.  Each  sub-region  updates  its  field  values  with  the  most  efficient,  valid  update  equations. 
This  results  in  a  method  that  is  more  efficient,  both  computationally  and  in  memory  requirements,  than 
the  standard  FDTD  method.  Two  examples  using  the  method  were  presented.  The  first  example 
applies  the  regional  FDTD  method  to  a  typical  inhomogenous  FDTD  problem  with  modest 
computational  and  memory  savings.  The  second  example  shows  that  the  method  is  particularly  well- 
suited  for  waveguide  simulations  and  provides  a  substantial  computational  speed  up  and  memory 
savings  for  such  problems.  There  is  still  quite  a  lot  to  be  done  that  will  extend  and  improve  the  regional 
FDTD  method.  It  is  hoped  that  further  research  will  develop  methods  for  combining  unstructured  grids 
and  rectangular  grids  within  the  same  problem  space.  Also,  the  inherently  parallel  structure  of  the 
regional  FDTD  method  makes  it  a  great  candidate  for  distributed  processing. 
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ABSTRACT 

This  paper  describes  the  on-going  Rome  Laboratory  computational  electromagnetics  effort 
associated  with  the  Air  Force’s  Command,  Control,  Communication,  Computers,  and 
Intelligence  (C4I)  mission.  This  effort  is  based  on  the  need  to  predict  how  electromagnetic 
energy  from  an  external  environment  is  coupled  into  the  interior  of  cavities  in  aircraft  in  which 
electronic  circuits  and  modules  are  housed.  The  paper  addresses  the  capability  of  using  finite 
difference  time  domain  to  predict  the  energy  that  is  coupled  into  a  cavity.  The  validation  of  this 
technique  is  obtained  through  comparisons  with  experimental  data  from  infrared  images  of  the 
coupled  energy. 


introduction 

Miniaturization  of  electronic  circuitry  presents  a  major  challenge  in  both  the  commercial  and 
military  world.  The  design  of  aircraft  circuitry  for  the  Air  Force  heis  additional  challenges,  one 
being  the  need  for  circuitry  to  operate  under  hostile  electromagnetic  environments  such  as 
electromagnetic  radiation  from  both  friendly  and  hostile  sources  including  lightning,  electrostatic 
discharge,  and  electronic  warfare  jammers.  The  success  of  the  circuitry  design  rests  on  the 
ability  to  simulate  and  predict  the  performance  of  the  circuitry  in  adverse  electromagnetic 
environments  prior  to  the  prototype  being  built.  Since  aircraft  circuitry  is  housed  within  some 
type  of  cavity,  the  first  step  in  determining  the  circuit  performance  is  to  identify  effective 
methodologies  to  predict  how  the  external  electromagnetic  energy  is  coupled  within  the  cavities. 

Numerous  methods,  including  Finite  Difference  Time  Domain  (FD-TD)  and  Method  of 
Moments,  are  used  in  analyzing  the  problem  of  coupled  energy  into  cavities.  Advancements  of 
FD-TD  modeling  [1]  m  the  area  of  subcell  models  of  fine  geometrical  features  has  resulted  in 
greater  applicability  and  has  been  viewed  with  great  interest.  This  paper  addresses  the  coupling 
problem  from  the  aspect  of  FD-TD. 

The  validation  of  the  FD-TD  simulations  is  conducted  through  direct  comparisons  of  Infrared 
(IR)  images  of  the  energy  within  the  cavity.  The  IR  imaging  technique  is  a  minimally  perturbing 
approach  that  provides  a  fast,  accurate  two  or  three  dimensional  visual  representation  of  the 
electromagnetic  field  distribution.  The  IR  technique  uses  a  planar  detection  screen  to  absorb  a 
portion  of  the  coupled  microwave  energy.  The  temperature  at  each  location  on  the  detection 
screen  is  proportional  to  the  electromagnetic  field  intensity  at  that  location  [2].  This  technique 
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has  many  advantages  over  conventional  field  probing  techniques  in  that  the  latter  technique  tends 
to  interact  with  and  distort  the  fields  being  measured.  Furthermore,  the  conventional  probing 
technique  collects  data  at  single  point  in  space  and  requires  repositioning  of  the  probes  to  obtain 
additional  data,  this  process  is  not  only  time  consuming  but  is  error  prone  due  to  the 
repositioning  of  the  probes.  The  IR  technique  has  been  successfully  used  in  measuring  the  modal 
distributions  of  excited  electromagnetic  fields  inside  metal  cavities  [3]. 

This  paper  addresses  the  FD-TD  methodology  of  predicting  the  coupled  energy  and 
microwave  field  distribution  in  a  cylindrical  waveguide  with  a  thin  axial  slot.  Comparisons  are 
made  between  the  field  strengths  predicted  by  the  FD-TD  simulations  and  the  IR  measured  field 
strengths  at  various  locations  along  the  cylindrical  axis. 


FDTD  MODELING  AND  SIMULATION 

The  chosen  FD-TD  implementation  consists  of  the  standard  Yee  grid  using  second  order 
accurate  central  difference  expressions  to  approximate  the  spatial  and  temporal  derivatives  in 
Maxwell’s  two  curl  equations.  The  computational  space  is  characterized  by  a  total- 
field/scattered-field  formulation  [4]  of  the  FD-TD  algorithm  to  provide  a  compact  wave  source 
realization.  Also,  a  perfectly  matched  layer  is  introduced  to  minimize  the  reflected 
electromagnetic  waves  which  reach  the  boundary  of  the  computational  space. 

The  problem  of  interest  consists  of  a  cylindrical  waveguide  with  a  thin  axial  slot  as  shown  in 
Figure  1.  The  13.25  inch  cylinder  with  a  3  inch  inside  diameter  contains  a  2  inch  by  .03125  inch 
slot  located  8.8  inches  from  one  end.  The  brass  cylinder  has  a  thickness  of  .25  inches  and  is 
modeled  with  c  =  32.7  Msiemens/meter.  To  generate  a  more  accurate  model  the  characteristics 
of  IR  detector  disk  with  styrofoam  backing  that  is  placed  inside  the  cylinder  during  the  IR 
measurements  is  also  incorporated.  The  IR  detector  is  modeled  as  an  infinitely  thin  layer  having 
(j  =  943  siemens/meter;  and  the  0.2  inch  styrofoam  backing  is  modeled  with  a  relative 
permittivity  of  1.03.  In  addition,  to  ensure  that  steady  state  is  achieved  within  a  reasonable 
number  of  time  steps  (roughly  4000),  the  remaining  material  within  the  cavity  is  assigned  the 
characteristics  of  a  small  loss  medium  (a  =  .05  siemens/meter). 

The  simulations  are  based  on  a  time  and  spatial  discretization  of  ,13  nanoseconds  and  .08 
inches,  respectively.  The  computational  space  encompasses  a  volume  of  66  x  66  xl86  cells.  A 
plane  wave  source  of  fi-equency  3.5  GHz  is  introduced  at  the  total  field/scattered  field  boundary. 

INFRARED  EXPERIMENTAL  SETUP 

The  experimental  setup  is  shown  in  Figure  2.  The  IR  measurements  were  performed  in  the 
large  anechoic  chamber  in  the  Electromagnetic  Environmental  Effects  Research  Facility  (E3RF) 
at  Rome  Laboratory.  This  facility  provides  control  of  interference  to  minimize  unintentional  EM 
field  reflections  and  interactions  fi:om  distorting  the  measurement  results  and  for  temperature 
stability. 

A  brass  cylinder  with  dimensions  as  shown  in  Figure  1  is  placed  on  a  styrofoam  block  aligned 
parallel  to  the  aperture  of  a  2-4  GHz  standard  gain  horn  antenna.  One  end  of  the  cylinder  is 
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Figure  1.  Geometry  of  Slotted  Cylinder 


Figure  2.  Experimental  setup. 


completely  closed  while  the  other  end  is  covered  with  a  fine  wire  mesh  which  allows  the  IR 
camera  to  view  the  internal  fields  and  modal  distributions  while  representing  a  somewhat  solid 
end  at  the  frequencies  used  in  this  experiment.  The  hom  is  located  20  inches  from  the  cylinder 
directly  in  front  of  the  slot  aperture.  The  cylinder  is  illuminated  with  an  incident  electric  field 
polarized  perpendicular  to  the  cylinder  axis 

The  IR  detector  and  styrofoam  fit  tightly  inside  the  cylinder  and  are  moved  to  various 
points  of  interest.  The  IR  detector  used  in  this  experiment  is  a  carbon  loaded  Kapton  material 
mounted  on  a  styrofoam  poster  board  having  a  surface  resistance  of  100  ohms/square  at  4  GHz 
and  CT  =  94.3  siemens/meter  vrith  d  =  100pm.  The  conductivity  and  the  imaginary  components  of 
the  pennittivity  and  permeability  cause  the  temperature  of  the  detector  to  rise  above  the  ambient 
temperature.  The  mcrease  in  temperature  is  proportional  to  the  local  electric  intensity  at  every 
location  on  the  detector,  producing  a  two-dimensional  map  of  the  field  intensity.  An  Agema 
Thermovision  900  Infrared  measurement  system  records,  digitizes  and  stores  the  absolute 
temperature  of  the  IR  detector. 

The  IR  measurement  system  records  the  thermal  pattern  at  various  planes  along  the  axis 
of  the  cylinder.  The  carbon  paper  heats  for  several  minutes  to  obtain  a  steady  state  condition.  A 
long  wave  IR  scarmer  having  a  spectral  response  of  8-12  microns  detects  temperature  changes  as 
small  as  0.08C.  The  IR  scanner  samples  data  at  136  lines  per  frame  and  272  samples  per  line  and 
the  data  is  recorded,  digitized  and  stored.  A  synthesized  sweep  generator  produces  fire  transmit 
signal.  The  signal  is  pre-amplified  and  then  amplified  by  a  200  Watt  TWT  Amplifier.  The  IR 
measurements  begin  by  recording  the  thermal  distribution  of  the  IR  detector  without  any  applied 
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microwave  field.  The  ambient  temperatures  are  subtracted  from  the  RF  induced  temperatures. 
This  step  insures  that  only  the  contribution  from  the  coupled  microwave  signal  is  used  to 
determine  the  internal  field  intensities. 


SIMULATION  VALIDATION 

FD-TD  simulations  and  IR  measurements  were  conducted  for  various  positions  of  the  IR 
detector  material  within  the  cylindrical  cavity.  Figure  1  identifies  two  of  these  positions  (denoted 
by  the  aa  and  bb  planes)  in  reference  to  the  location  of  the  aperture  of  the  cylinder.  The 
simulation  and  measurement  results  are  presented  in  Figures  3  and  4.  The  steady  state  simulation 
data  (shown  in  Figures  3a  and  4a)  represent  the  sum  of  the  squared  electric  field  components; 
whereas,  the  measured  data  (shown  in  Figures  3b  and  4b)  represent  the  power  absorbed  by  the 
heating  of  the  IR  detector  material.  The  results  are  individually  normalized  and  plotted  with  the 
shown  gray  scale. 

Figures  3  and  4  represent  two  distinctive  electromagnetic  modes  within  the  cylinder.  For  each 
mode  there  is  good  correlation  between  the  simulated  and  measured  data.  Improvement  in  the 
correlation  would  result  from  a  finer  gridding  of  the  aperture  region  and  a  more  realistic  energy 
source  implementation  within  the  simulation. 


a  b 

Figure  3.  Simulated  (a)  and  measured  (b)  modes  in  cylinder:  1.75  inches  from  the  back 

(at  the  aa-plane) 


CONCLUSIONS 

This  paper  has  described  an  IR  validation  methodology  for  computational  electromagnetic 
analysis  tools  and  models.  The  validation  process  was  conducted  on  a  cylindrical  waveguide 
with  a  narrow  slot  aperture.  The  results  indicate  that  this  validation  technique  can  provide 
insight  in  the  area  of  model  development,  model  enhancement,  and  simulation  techniques. 
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a  b 

Figure  4.  Simulated  (a)  and  measured  (b)  modes  in  cylinder:  6.75  inches  from  the  back 

(at  the  bb-plane) 
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1.  Introduction 

Dispersive  media  are  often  encountered  in  rocks,  earth  and  biological  media  [1-7].  The 
dispersive  phenomenon  can  result  from  dielectric  relaxation  in  the  media,  This  could  be  a 
consequence  of  geometrical  effect  of  insulating  rock  platelets  immersed  in  a  conductive  host 
[6].  It  could  also  be  the  result  of  the  interaction  of  electromagnetic  fields  with  the  double 
layer  around  colloidal  suspensions  in  a  saline  solution  [7].  When  the  permittivity  varies  as  a 
function  of  frequencies,  the  conductivity  also  varies  as  a  function  of  frequencies  as  dictated 
by  the  causality  requirement  of  the  Kramers- Kronig  relations  [8]. 

Therefore,  to  have  a  realistic  model  of  the  lossy  earth,  it  is  prudent  that  we  include  the 
effect  of  dispersion  in  the  media.  For  the  model,  we  will  assume  either  a  Debye  relaxation 
model  or  the  Lorentzian  relaxation  model  [9-11].  The  Debye  relaxation  model  is  a  specicd 
case  of  the  Lorentzian  model.  Therefore,  we  need  only  to  address  the  Lorentzian  model, 
albeit  developing  a  code  tailored  especially  for  the  Debye  model  will  be  more  efficient  than 
a  general  purpose  code  for  a  general  relaxation  model.  The  model  is  causal  so  that  the 
Kramers-Krong  relationship  is  automatically  satisfied.  Because  of  this,  the  permittivity 
value  will  be  complex  having  both  a  frequency  dependent  real  and  imaginary  parts.  The 
imaginary  part  can  be  thought  of  as  frequency-dependent  loss  or  conductivity. 

We  will  use  the  recursive  convolution  approach  [9-11]  for  modeling  a  dispersive  medium 
and  using  the  split  Maxwell’s  equations  with  PML  as  the  absorbing  boundary  condition 
[12-14]  to  simulate  an  infinite  conductive  region. 

As  will  be  noted,  the  modeling  of  the  dispersive,  conductive  media  comes  not  without  a 
cost.  More  storage  and  computation  is  needed  in  order  to  model  the  conductive  dispersive 
media  appropriately. 

2.  PML-FDTD  Formulation 

The  PML  can  be  related  to  a  complex  coordinates  stretching  in  the  frequency  domain 
[14].  This  is  necessitated  by  a  splitting  of  Maxwell’s  equations  in  the  time  domain.  This 
splitting  generally  doubles  the  memory  requirements  of  an  FDTD  simulation.  When  con¬ 
ductive  loss  is  added,  this  further  increases  the  memory  requirements  because  of  an  added 
conductivity  term  in  the  PML  equation.  We  will  see  that  the  inclusion  of  dispersion  further 
increases  the  memory  requirement. 

The  stretched  coordinates  Maxwell’s  equations  are 

V,  X  E  =  iwB, 

V,  X  H  =  — ia;D  -t-  crE, 

for  a  conductive  medium  in  the  frequency  domain  with  dependent.  In  the  above 

+  (3) 


(1) 

(2) 
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where  s^,  Sy,  and  are  frequency  dependent  complex  stretching  variables.  To  facilitate  the 
solution  in  the  time  domain,  (1)  and  (2)  are  usually  split  as  follows: 

iwBsz  =  —dzX  X  E, 

(4) 

— iwDjs  +  crEsx  =  —dxX  x  H, 

Si 

(5) 

where  the  same  is  repeated  for  y  and  r  replacing  x. 

By  letting  where  a*  and  fri  are  frequency  independent, 

becomes 

ituCxBii  —  fixBjx  =  dxX  X  E, 

the  above 

(6) 

— ituaxDji  +  flxDjx  +  OxcrEjx  +  i — trEjx  =  ^xX  x  Hjx- 

UJ 

(7) 

Transforming  the  above  back  into  the  time  domain,  one  obtains 

—axdtBsx  —  fliBsx  =  ^xX  X  E, 

(8) 

CxdtDsx  +  f^iDsx  +  aiCrEsx  +  fixU  [  E„(t)  dr  —  dxX  x  H. 

Jo 

(9) 

In  the  above,  for  a  dispersive  medium,  we  let  B51  =  /xHji  while 

D„(t)=€(f)^E,x(t). 

(10) 

3.  Recursive  Convolution 

A  Lorentzian  dispersive  medium  is  characterized  by  [11] 

p 

p=i 

(11) 

where 

fJp  =  -y/wp  —  a-, 

(12) 

Gp  ( e, -€oc) 

(13) 

and 

p=l 

e{t)  =  eo[e„  +x(0]- 

(14) 

We  can  define  a  complex  susceptibility 

P=i 

(15) 
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so  that  xit)  =  Note  that  Debye  relaxation  is  the  special  case  where  /3p  =  0,  and 

t7p  is  real  or  when  7p  >  Wp.  The  electric  flux  is  related  to  the  electric  field  via 

D(t)=€oeo=E(t)  +  €oxW*E(t).  (16) 

Using  (15)  in  (16),  we  have 

P 

D(0  =  eoe^nt)  +  eo  ^  Ke  [x(0  *  E(t)] .  (17) 

p=i 


■^Tien  t  =  I  At,  the  above  becomes 


D'  =  £o€ooE'+col]3fte[xjQy,  (IS) 

p=i 


where 


m=0 


Q' - 


0, 

E'  +  Qp"^e-‘‘ 


1  =  0 
1  >  0  ’ 


(19) 

(20) 


eind  ilip  =  /3p  —  iQp. 

The  above  equations  allow  the  computation  of  D'  given  as  the  input.  How'ever,  one 
would  like  to  compute  E'  given  D'  as  the  input  in  an  FDTD  scheme  as  we  shall  see  later. 
To  this  end,  we  substitute  (20)  into  (18)  to  obtain 


D'  =£0 


p-i 


p=i 


(21) 


or  that 

D'  =  £0  (qE'+P'-'), 

(22a) 

where 

p 

p=i 

(22b) 

(22c) 

p~i 


depends  only  on  Qj,  ^ 


4.  The  Time- Stepping  Scheme 

We  need  to  devise  a  time-stepping  scheme  for  Equations  (8)  and  (9).  The  space  dis¬ 
cretization  is  done  according  to  the  Yee  scheme  [15]  so  that  we  will  not  discuss  it  here.  The 
time  discretization  for  them  are  as  follows: 

-61.=^)  _  ^  ^  (23) 
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(24) 


a.(Di:^-DU)  a^crEi;'  +  trl^xFi,  =  d.x  x 

At 

where  F{t)  =  E(r)  dr.  Equation  (23)  can  be  easily  rearranged  for  time  stepping 

Bit"  =  -(Cx  +  n*At)'^  [At(axf  X  E')  -  axBi;  =  ]  ,  (25) 

(a,  +  nxAt)Dit'  +  a^aAtEit'  =  x  H'-^)  +  a^DU  -  ^rQ.AtFi,.  (26) 

However,  the  left-hand  side  of  (26)  depends  on  both  Di;^  and  Eit^  making  it  unsuitable  for 
time  stepping.  To  remove  this  problem,  we  substitute  (22a)  into  the  left-hand  side  of  (26) 
so  that  we  have 

[(a,  -h  fix  At)  aeo  +  ax^rAtlEif  =At  (d,x  x  H'+^)  -h  a^Di^ 

-  afixAtFi,  -  (a,  +  fi=At)eoPix-  (27) 

The  above  equation  is  now  suitable  for  time  stepping  and  updating  Ei^^  After  Ei^^  is 

updated,  it  is  used  in  the  right-hand  side  of  (26)  to  update  Bji  •  and  hence  H*!- .  On  the 
right-hand  side  of  (27),  the  pertinent  quantities  are  updated  as  follows: 


D'„  =  €o(aE'„  +  Pi;^),  (28a) 

F^x  +EUAt,  (28b) 

PL  =  =  (2Sc) 

P=i 

=  +  PSd) 


The  above  schemes  are  repeated  for  x  replaced  with  y  and  2.  Hence,  (25)  and  (27)  constitute 
the  updating  schemes  for  the  electromagnetic  fields.  Storage  are  required  for  E*^,  F^^. 
Qp,*?,  p  =  1,  ■  ■  •  ,  P,  ^  =  I,  y,  ^  and  since  each  has  two  vector  components,  we  need  to 
store  (18  -f  6P)A'  values  where  N  is  the  number  of  simulation  nodes,  and  P  is  the  number 
of  species  in  the  relation  model.  The  added  storage  cost  of  simulating  a  PML  dispersive 
medium  is  6PN  while  the  added  cost  of  a  PML  conductive  medium  is  to  store  Fjc  which  is 
6A' .  A  non-dispersive,  non-conductive  PML  medium  will  require  12A'  storage  as  opposed  to 
the  6A'  needed  in  the  plain  Yee  scheme. 


5.  Numerical  Results 

An  FDTD  code  has  been  written  using  the  above  formulation.  A  PML  medium  is 
assumed  everywhere  so  that  the  code  can  be  easily  parallelized  allowing  the  parallel  computer 


to  work  in  a  SIMD  (single  instruction  multiple  data)  mode.  The  code  is  used  to  simulate  the 
response  of  a  vertical  electric  dipole  on  top  of  a  half  space  that  is  dispersive  and  conductive. 

The  half  space  is  assumed  to  have  Cj  =  50.,  Coo  =  5-i  a^^d  a  cr  =  0.3  mho/m.  A  two  species 
Lorentz  medium  is  assumed  where  Gi  =  0.4  and  G2  =  1  —  Gi,  /i  =  2.  x  10®,  /2  =  5.  x  10® 


from  which  we  obtain  uji  =  27r/i  uj2  =  2-/2.  We  let  qi  —  aiu;i  02  —  02^2,  where  Oi  <  1 
for  Lorentz  media  and  ov  >  1  for  Debye  media.  The  PML  is  set  up  with  7  parabolic-profile 


layers.  The  center  frequency  of  the  Blackman-Harris  pulse  is  0.5  GHz.  The  Courant  factor  is 
0.8.  The  half  space  occupies  60  %  of  the  vertical  height  of  the  cubic  simulation  region.  The 
simulation  is  done  with  50  x  50  x  50  grid  with  a  space  discretization  size  Aj  =  8.47  mm  and 


a  time  step  At  =  13  ps.  Assuming  that  the  origin  is  at  a  corner  of  the  cube,  then  the  source 
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is  located  at  =  (0.5, 0.7, 0.5) L,  while  the  receive  is  located  at  Tr  =  (0.3, 0.5, 0.5)L  where  L 
is  the  length  of  the  cube,  which  in  this  case  is  50A,.  The  receiver  is  deliberately  buried  in 
the  half-space  so  that  it  is  more  sensitive  to  the  wave  propagating  through  the  half-space. 

Figure  la  and  Figure  lb  show  the  dispersive  behavior  of  the  permittivity  for  two  Lorentz 
media.  In  Figure  la,  the  ai  =  aj  =  0.8  so  that  the  Lorentz  poles  are  quite  far  from^he  real 
w  axis.  In  this  case,  the  two-species  dispersion  is  not  distinct.  In  Figure  lb,  ci  -  02  -  0.5  so 
that  the  Lorentz  poles  are  nearer  to  the  real  w  axis.  One  can  discern  distinctly  two  resonance 
peaks  for  this  Lorentz  medium.  For  soil,  the  dispersive  behaviour  resembles  more  Hke  that 

of  the  Figure  la.  , ,  ,  -  r 

Figure  2a  shows  the  time  response  of  the  Ey  component  of  the  field  at  the  receiver  tor 

the  conductive  medium  without  dispersion  (solid  line),  with  dispersion  of  Figure  la  (dash- 
dot  line),  and  with  dispersion  of  Figure  lb  (dotted  line).  It  is  seen  that  the  pulse  is  distorted 
to  different  extent  by  the  dispersive  media.  The  dispersive  media  also  seems  to  slow  down 

the  pulse.  ,  r  .  ^  c 

Figure  2b  simulates  the  case  of  the  dispersive  media  of  Figure  lb  for  a  larger  number  ot 

time  steps  (1000)  with  no  visible  instability. 

Figure  3  shows  cases  where  the  locations  of  the  Lorentz  poles  are  being  moved  by 
changing  the  Lorentz  frequencies  h  and  /j.  The  center  frequency  of  the  exciting  pulse  in 
this  case  is  1  GHz.  The  Lorentz  frequencies  are  respectively,  (i)  100 x  (dashed  line),  (11)  10 x 
(dotted  line),  (iii)  the  same  (dash-dot  line),  and  (iv)  0.1  x  (heavy  solid  line)  those  shown  at 
the  begining  of  this  section.  In  this  case,  ci  =  02  =  0.5.  It  is  seen  that  different  Lorentz 
frequencies  affect  the  pulse  propagation  differently.  When  the  exciting  pulse  has  a  center 
frequency  close  to  that  of  the  poles  (case  ii),  the  pulse  is  severely  distorted.  When  the 
Lorentz  frequencies  are  too  high,  the  pulse  is  little  affected  while  lower  Lorentz  frequencies 
will  still  distort  the  pulse.  However,  this  kind  of  dispersive  media  is  hardly  encountered  in 

rocks^o^^o'  ^  ^  profile  of  the  field  at  1,000  time  steps.  It  is  shown  that 

the  field  is  well  absorbed  by  the  PML  at  the  edge  of  the  simulation  region  with  no  noticeable 
reflection  or  instability. 

The  code  has  been  parallelized  to  run  on  a  SGI  Power  Challenge  Array.  The  Array  has 
six  R8000  processors  running  at  90  MHz.  Altogether,  the  Array  has  a  total  of  2  GB  RAM. 
The  machine  has  been  rated  at  126  Mf/s  by  the  Netlib  Performance  database.  Figure  5 
shows  the  speed  of  the  code  versus  the  number  of  processors  for  100  time  steps.  It  takes 
about  85  seconds  to  calculate  100  time  steps  for  the  aforementioned  grid  size  with  dispersion 
and  conductive  loss.  The  vertical  axis  here  is  the  number  of  processors  divided  by  the  total 
CPU  times  of  all  the  processors  involved.  It  is  noted  that  for  a  small  number  of  processors, 
an  almost  linear  speed-up  is  observed.  When  the  number  of  processors  is  larger  than  four, 
the  speed-up  deteriorates  because  of  contention  with  other  ongoing  codes  running  on  the 
same  machine. 

6.  Conclusions 

The  PML-FDTD  formulation  has  been  developed  for  a  dispersive  Lorentz  medium  with 
conductive  loss.  By  a  proper  choice  of  the  parameters,  a  Lorentz  medium  exhibits  dispersions 
observed  in  some  soil  and  rocks.  It  is  shown  that  such  dispersion  can  distort  pulse  shape 
as  the  pulse  propagates  through  such  a  medium.  It  may  have  ramification  on  the  design  of 
ground  penetrating  radar  and  impulse  radar  for  probing  soil  and  rock  formation  [16]. 

Also,  the  use  of  the  PML  absorbing  boundary  condition  allows  the  easy  parallelization  of 
the  code  compared  to  the  use  of  the  Liao  absorbing  boundary  condition  [17].  The  stabilized 
Liao  absorbing  boundary  condition  generally  requires  double  precision  computation,  while 
single  precision  computation  suffices  for  PML  computation.  However,  the  use  of  PML  in  a 
dispersive  medium  comes  with  the  added  cost  of  more  memory  requirements  and  computa¬ 
tional  time.  It  is  observed  to  take  about  twice  as  long  in  terms  of  CPU  time  compared  to  a 
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nondispersive  conductive  medium  calculation.  A  PML-conductive  media  modeling  requires 
about  1.5  times  the  PML  media  modeling,  while  a  PML-conductive-dispersive  media  mod¬ 
eling  with  two  Lorentz  species  may  taie  about  3  times  the  ordinary  PML  media  modeling. 
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Figure  1.  Permittivity  dispersion  for  a  two  species  Lorentz  medium  with  (a)  ai  — 
02  =  0.8.  See  text  for  more  details,  (b)  oi  =  03  =  0.5.  In  this  case,  the  poles  are 
closer  to  the  real  oj  axis,  and  two  distinct  resonances  are  observable. 


Figure  2.  (a)  Pulse  distortion  for  different  Lorentz  medium  with  conductivity  loss, 
(i)  No  dispersion  (solid  line),  (ii)  dispersion  with  the  case  of  Figure  la  (dash-dot 
line),  and  (Hi)  dispersion  with  the  case  of  Figure  lb  (heavy  dotted  line).  See  text 
for  more  details,  (b)  Same  as  case  (Hi)  of  (a),  but  run  for  1000  time  steps.  No 
reflection  and  instability  are  visible. 
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Figure  3.  Different  pulse  distortion  for  differ-  Figure  4.  A  snapshot  of  the  field  profile  at  1,000 
ent  frequencies  of  the  Lorentz  poles.  The  center  time  steps.  No  reflection  and  instability  are  vis- 
frequency  of  the  exciting  pulse  is  1  GHz.  The  ible  from  the  edge  of  the  simulation  region. 
Lorentz  media  have  the  Lorentz  frequencies  (uji 
and  0^2)  (i)  100  times  (dashed  line),  (it)  10  times 
(dotted  line),  (Hi)  same  (dashed-dot  line),  and 
(Hi)  0.1  time  (heavy  solid  line)  those  of  Figure 
1. 


Figure  5.  Speedup  of  the  code  for  100  time  steps  for  different  number  of  processors 
on  a  SGI  Power  Challenge  Array.  Linear  speedup  is  observed  for  a  small  number 
of  processors,  but  performance  deteriotes  as  the  number  of  processors  increases. 
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I  Introduction 

The  hybrid  ray-FDTD  moving  window  scheme  has  been  presented  recently  for  the  propagation  of  electromagnetic 
pulses  in  homogeneous  and  inhomogeneous  media  [1].  This  method  has  bwn  cast  in  the  Lagrange  formulatmn, 
where  the  continuous  field  equations  have  been  transformed  into  the  moving  frame  and  then  discretized.  The 
moving  frame  equations  exhibit  different  characteristics  in  terms  of  both  numerical  dispersion  and  absorbing 
boundary  conditions  (ABC’s),  compared  with  the  stationary  equations. 

Theoretically,  if  no  numerical  dispersion  is  present,  the  sampling  rate  in  the  FDTD  algonthm  will  be  reduced 
by  about  five  to  ten  times  for  a  comparable  error  level,  thereby  relaxing  the  demands  on  computational  resources 
by  a  similar  factor.  It  has  been  shown  that  the  Lagrangian  formulation  reduces  the  eff^ts  of  numerical  dispersion 
compared  with  the  stationary  frame,  as  long  as  the  pulse  is  propagating  in  a  direction  that  coincides  with  the 

moving  frame.  . 

We  show  a  unified  derivation  of  numerical  dispersion  and  stability  conditions.  The  stability  condition  is  ex¬ 
tracted  from  the  numerical  dispersion  relations  in  a  method  less  cumbersome  than  the  transition  matrix  eigenvalue 

formalism.  .  .  ,  -  •  j  -j 

Boundary  conditions  for  the  moving  frame  scheme  are  derived  by  diagonalizing  the  field  equations  and  identity- 
ing  the  backward  propagating  and  stationary  eigenfunctions  as  the  basic  two  independent  unknowns.  For  a  given 
boundary,  the  outgoing  eigenvectors  are  treated  with  a  first  order  Mur  boundary  condition,  the  incoming  eigen¬ 
vectors  are  specified,  and  the  stationary  eigenvectors  are  calculated  either  according  to  the  original  field  equation 
(if  the  eigenvector  is  an  original  unknown  of  the  problem),  or  through  a  stationary  sp^ification.  The  method  is 
demonstrated  for  the  moving  frame  in  inhomogeneous  media.  Another  possible  application  is  the  treatment  of  two 
dimensional  waveguides  with  obstacles. 


II  Basic  Equations 

We  consider  the  acoustic  wave  equations 

=  -ivP,  dtP  =  -cV^  •  ^ 

P 

where  P  is  the  pressure,  V  is  the  velocity  vector,  p  and  c  are  density  and  sound  velocity  of  the  medium,  respectively. 

We  shall  consider  a  plane  stratified  medium  with  c  =  0(2),  p  =  1  and  normally  propagating  cylindrically 
symmetric  solutions.  Denoting  V  =  and  U  =  K,  the  cylindrical  representation  of  (1)  is 

dtV--d,P,  atU  =  -drP,  dtP  =  -c^{z)d,V -c^{z)^dr{rU)  (2) 

with  the  conditions  U  =  0,  drP  =  0,  drV  =  0  at  r  =  0. 

The  Lagrangian  formulation  involves  a  moving  coordinate  frame  C.  defined  by 


Co 

c{z>) 


dz'  —  cot  , 


(3) 


where  cq  is  an  arbitrary  constant  reference  velocity.  We  choose  a  uniform  sampling  of  the  time  steps  and  the  optical 
length  coordinate  C-  This  renders  the  spatial  grid  z  non-uniform,  with  Az  now  proportional  to  l/c(z),  while  the 
propagation  times  between  any  two  adjacent  grid  points  along  z  remain  the  same. 

With  this  transformation  equations  (2)  become: 

=  dtV  =  c^b(V  -  drP,  5tP  =  co~-cocafK-c2iar(rl7),  (4) 

where  c(C)  =  c[r(C)].  The  central-difference  discretized  form  of  (7),  organized  in  a  “meirching  in  time”  form  is  thus: 


(5a) 

or/‘  =  -  Vi-u)  -  7rc„-‘(prj+i  -  ptj-d  (sw 

=  P'J'  +  7<(-Pr+w  -  P^.ij)  -  5.7c(K"+,j  -  K-ij)  -  5?CoSri(ry+,yrj+i  -  rj-iPfj.,)  (5c) 

O' 

Here,  the  grid  is  defined  as  described  above,  i.e.,  it  is  uniform  in  f,  C  and  r  and  sampled  at  the  points  =  nAt, 
C,-  =  *AC,  rj  —  jAr.  We  denote  7^  —  and  7r  =  and  also  c,-  =  c(j  AC) . 

Eq.  (5a)  applies  for  j  >  0,  while  (5b)  and  (5c)  apply  for  j  >  1.  In  (5b)  we  have  U  =  0  for  j  =  0.  The  singularity 
of  (5c)  at  r  =  0  is  addressed  by  integrating  the  corresponding  continuous  equation  in  (4)  within  the  elementary 
volume  dv  =  2irrdrd^  around  the  r  =  0  axis  and  using  the  divergence  theorem,  yielding 


J  rdrdtP~co  J  rdr  [5^ P  -  coc(C)5f  Vj  -  J  c^{Q~drirU)r  dr 


and  thus 


-c^U 


(6) 


(7) 


(8) 


5tPUo  =  SiP\r=o  -  coc 

lrs=Ar 

or,  in  discretized  form 

pp/'  =  PPfi'  +  7((^'A.>,o  -  PP-lfi)  -  5i7<(l^l...o  -  K-,,.)  - 

This  equation  replaces  (5c)  for  j  =  0. 

Ill  Numerical  Dispersion 

In  the  analysis  we  may  assume  that  the  medium  is  locally  uniform  and  make  the  following  ansatz  for  a  space-time 
harmonic  solution  of  the  form 


(9) 


where  kr  and  are  wave  numbers;  Jq  eind  Ji  are  Bessel  functions  of  the  zero  and  first  order,  respectively. 
Substituting  into  (5),  we  obtain  the  matrix  equation 


/VoMkrTj) 

=  UoMkrrj) 

\PoJoikrrj) 

sin  fi  +  7f  sin  iff  0  -7fCo^siniff  \  /Vo\ 

0  sin  Q -f  7f  sin  iff  -j>Co^ifr  j  Pq  1  =  0 

-7fCosiniff  t7rCoifr  sinfl-f  7f  siniff/  \Po/ 


(10) 


where  iff  =  IrfAC,  Kr  =  krAr,  and  fi  =  wAt.  In  this  derivation  we  have  used  Jn(*r»‘i+i)  ^  Jn{krrj)  + 
Jni^rf‘j)krAr  and  also  Jo{z)  =  —Ji{z),  J{{z)  =  Jq{z)  —  z~^Ji(z).  The  local  numerical  dispersion  relation  is 
described  by  the  zeros  of  the  determinant 


sin  n  -f-  7f  sin  iff  =  0  ,  (sin  +  7f  sin  iff  )^  -  7^  sin^  iff  -  7^ if^  =  0 


(11) 
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The  first  equation  in  (11)  describes  backward  propagation  dispersion.  In  particular  for  small  Q  and  iff  it  reads 
f-  -  -Co-  This  velocity  in  the  moving  frame  corresponds  to  the  radial  propagation  of  U  in  the  stationary  frame. 
The  second  equation  in  (11)  is  rewritten  as 


sin  Q  +  sin  =  ±7f  sin 


fa  ±7f  sin 


(12) 


where  in  the  approximation  we  used  sin  k  K(. 

We  shall  estimate  the  resulting  numerical  dispersion  assuming  an  excitation  by  a  collimated  pulsed-beam  with 
{kr/k()^  =  e  4;  1,  For  example,  a  collimated  pulsed-beam  (see  section  VI  below)  satisfies  the  spectral  estimates 
kr  -  O((co6r)”^/^),  if  O((cor)“^),  where  T  is  the  pulse  length  and  6  is  the  collimat ion  distance  and  typically 
coT/b  «:  1.  Thus  we  have  (ir/if)^  -  0{cQTlb)  «:  1.  Eq.  (12)  reduces  to 

sin  Q  -1-  7f  sin  Kf  fa  ±7f  sin  iiCf  (1  +  c/2) .  (13) 


Thus,  for  the  forward  propagating  spectrum  sinQ  =  §7^  sin  iff,  which  for  small  yields  ^  «  fco  ^  cq.  For  the 
backward  propagating  wave  sin  12  =  — 7f  (2  -I-  c/2)  sin  iff  fa  — 27f  sin  iff ,  giving,  for  small  ^  «  — 2co. 


IV  Stability  Analysis 

In  general,  the  stability  condition  is  implicitly  contained  in  the  numerical  dispersion  equations.  This  follows  by 
substituting  g  =  e“’”  into  (11),  arriving  at: 

5-i-5-!-i27fsiniff  =  0  ,  ((/"^ -5 i27f  siniff)^ -f  47?if2 -1- 47?  sin^  iff  =  0  .  (14) 

The  first  equation  in  (14)  yields 


The  stability  condition  gg'"  <  1  is  satisfied  only  if  7^sin^iff  <  7f  <  1  (“  which  case  =  1).  This  yields  the 
following  CFL  criterion:  coAf  <  AC-  The  second  equation  in  (14)  gives 


^  ^  -I-  i27f  sin  iff  =  ±t27f  sin  iff  J 1  -I-  ^  «  ±i27c  sin  iff  V 1  • 

y  7f  sm  Af 


where  we  used  the  same  approximation  as  in  (12).  For  collimated  pulses,  the  correction  term  inside  the  square 
root  is  small  and  may  be  neglected.  For  small  c  we  obtain  the  following  two  equations: 


g^  —  i457f  sin  iff  (1  -H  c/4)  —  1  =  0  ,  g^  +  ig^'f^  sin  iff  —  1  —  0  . 


(17) 


The  solution  of  the  first  equation  in  (17)  gives  g  —  t27f  (1  +  c/ 4)  sin  iff  ±  ^1  —  47^(1  +  c/4)2  sin^  iff .  The  stability 
condition  gg*  <  1  yields  47^(1  +  c/4)^sin^  iff  <  47^(1  -f  c/4)^  <  1,  and  finally 


coAt<iAC(l-c/4)wiAC.  (18) 

Since  c  1  for  well  collimated  pulsed  beams,  the  small  correction  term  may  be  neglected.  The  stability  condition 
above  is  stronger  than  the  previous  one  and  therefore  will  be  used  throughout.  It  is  the  analog  of  the  CFL  con<frtion 
in  the  stationary  coordinate  frame,  recalling  that  in  the  moving  coordinate  frame  the  greatest  wave  speed  is  2co 

(for  the  backward  propagating  wave).  _ 

The  second  equation  in  (17)  gives  the  solution  g  =  f(e/2)7f  sin  iff  ±  ^^a^-(c/2)272sin^^  ,  with  the  stability 
condition  (c/2)272  sin^  iff  <  <  1,  and  thus  coAt  <  ^ACc"^.  Since  £  <  1  this  condition  is  much  weaker 

than  the  CFL  condition. 
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V  Boundary  Conditions 

We  assume,  without  loss  of  generality,  that  our  grid  is  located  in  the  region  0  <  C  <  Cmax,  0  <  r  <  r^ax-  In 
general,  when  considering  first  order  boundary  condition  schemes,  it  is  necessary  to  analyze  the  field  components 
moving  in  the  direction  normal  to  the  boundary  at  hand.  Consequently,  when  considering  the  boundaries  C  =  0 


and  C  =  Cmsjc,  we  assume  5r  «  0  in  (4),  obtaining: 

dtV  :=  cod^V  -  jd^P  (19a) 

dtU  =  codcU  (19b) 

dtP  ~  cod^P  - cocd^V.  (19c) 

This  system  can  be  rewritten  in  matrix  form  as 

(-Co  0  Coc\ 

0  -Co  0  ,  (20) 

co/c  0  -Co/ 

where  q  is  the  vector  of  the  unknown  field  variables  (P  U  V)^ .  A  has  eigenvalues  Ai  =:  0,  Aj  =  — 2co,  A3  =  — cq 


and  eigenvectors  (c  0  l)^  ,  (c  0  — l)^  ,  (O  1  O)^  respectively.  Assuming  c(C)  changes  slowly  in  the  vicinity 
of  the  boundaries,  transformation  of  (20)  to  the  eigenbase  yields: 


5tw  +  A5^w  =  0,  (21) 

where  w  =  T“^q  =  ^  (P  +  cV  P  -  cV  2W)^ ,  A  =  T~^  AT  =  \iSij  and  T  is  the  base  transformation  matrix 
whose  columns  are  the  eigenvectors.  This  gives  rise  to  new  variables 

W=P  +  cV,  W  =  P-cV  (22) 

and  a  diagonalized  system 

dtW  =  0  (23a) 

dtW  =  2coac  W  (23b) 

dtU  =  cod<;U.  (23c) 

From  (23)  we  readily  recognize  that  W,W  ,U  propagate  at  velocities  0,  -2co,  -co,  respectively,  in  the  C  direction. 

At  the  boundary  =  0,  W  and  U  exit  the  computational  grid  and  have  to  be  computationally  absorbed.  W 
and  U  are  absorbed  using  (23b)  and  (23c),  respectively,  which  axe  the  standard  Engquist-Majda  one-way  wave 

equations  [2].  For  W  we  use  (23a).  We  end  up  with  the  following  discretized  boundary  conditions; 

W'SJ'  =»'SJ‘  (24a) 

W'SJ‘=»'o,/  +  27c(W'?j-li';j)  (24b) 

=  u;j+-rdu?j  -  USj).  (24c) 

Eq.  (24b)  and  (24c)  were  derived  from  (23b)  and  (23c),  respectively,  using  forward  differencing  in  C  (since  we  are 
on  the  back  boundary)  and  also  forward  differencing  in  time  (because  of  stability  considerations  —  see  discussion 
below). 

To  test  stability,  we  note  that  (24)  does  not  involve  r  dependence  and  thus  we  may  substitute  a  space  time 
harmonic  ansatz: 


(25) 


Substituting  into  (24)  at  C  =  0,  for  example,  we  get  an  expression  of  the  form: 

B(a/^f;7c)  =  0- 


(26) 


Stability  exists  if’f  <  1.  We  shall  demonstrate  the  stability  analysis  by  using  temporal  central 

differencing  instead  of  forward  differencing  in  (23b),  yielding: 


wh)- 


(27) 


Substituting  lyj*  •  =  V*  as  in  (25),  Eq.  (27)  transforms  to  =  e’^+47f  (c*^<  - 1)  or  47f  (e*^<  1)5  1  0, 

where  g  =  e"*"  ‘  Choosing  =  tt  we  obtain  g^  -  87^5  -1  =  0,  which  is  a  quadratic  equation  with  real  roots 
o,  4  52.  Furthermore,  \gi\  I52I  =  1,  meaning  one  of  the  roots  must  satisfy  I5I  >  1.  Thus,  (27)  is  unstable. 

Via  a  similar  procedure  it  can  be  shown  that  (24b)  and  (24c),  which  utilize  forward  differencmg  in  time,  are 
stable. 

Finally,  rewriting  (24)  explicitly  in  terms  of  the  field  constituents  we  have: 


=  5[p;-'  +  covyj-*  +  -  W.i  +2-rc(Pfj  -  c'liTj  -  +  'oV?;,)] 


=  +  c„V7j->  -  PSj  +  coVffj  -  27c(n"j  -  -  PSj  +  5o'%)l' 

2co  ‘ 


(28a) 

(28b) 


At  the  boundary  C  =  Cmax,  W  and  U  enter  the  grid  from  the  outside  and  should  be  specified  according  to  the 
external  exeitation.  Here  we  set  =  0.  For  W  we  use  (23a),  as  before.  Thus  we  have 


II 

+  rj 
c». 

(29a) 

wif  =  a 

(29b) 

o 

II 

1  +'»3 

(29c) 

where  /AC  =  Cmax  and  finally,  in  the  field  constituents 

(30a) 

(30b) 

At  the  boundary  r  =  we  assume  «  0,  yielding: 

o 

II 

CO 

(31a) 

dtU  =  -drP 

(31b) 

dtP  =  -^^\dr{TU) 

(31c) 

For  high  frequency  signals  with  Arr^ax  »  1,  we  may  replace  ^5r(rl7)  w  drU.  Following  the  procedure  described 

above  we  get: 

dtF  =  -c5r  F 

(32a) 

dtF  ~  cdr  F 

(32b) 

dtV^O, 

(32c) 
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where  F  =  P  +  cJ7,  F  —P  -cU.  Using  similar  arguments  as  above  we  obtain: 

hy  =H-’  -  =.=0  V(f 

v"/‘  =  +  7c(v?+i,j  -  vr.,,j)  -  Mii){PP*i.j  -  PP-i.j). 

where  JAr  —  r^ax,  and  finally,  the  physical  field  constituents  are 

pn+i  _  1  pn+l 
Pi,j  -  2  Pi,J 

=  -  -cicz'iAPPj  +  iiUrj  -  ppj.i  +  liUPj.M 


1  ± 


n+1 


vp.r  =  w<pu 

=  Mppj  +  -  ^^P'l'^P”j  +  '^‘Kj  -  PPj-l  + 

2Ci 


(33a) 

(33b) 

(33c) 

(34a) 

(34b) 


Eq.  (33a)  is  derived  using  forweud  differencing  in  time  and  backward  differencing  in  the  r  direction,  and  is  stable 
provided  ^  Since  typically  Ar  is  kept  constant  as  the  frame  moves  along  the  z  axis,  we  must  choose 

^  Eq.  (33c)  is  the  regular  field  equation  (5a)  for  V  applied  at  (i,  J). 


VI  Example 

We  used  the  moving  window  FDTD  scheme  on  the  “complex  source  pulsed  beam”  (PB)  [3],  that  has  the  exact 
expression 

P  =  1  /47rs  f{t-  tT/2  -  s/  -  ib/),  where  +  (z  -  ib)^,  with  Re  s  >  0.  (35) 

The  parameter  5  >  0  is  recognized  m  the  collimation  (or  Fresnel)  distance.  We  chose  /  (t)  =S  (t)  =  l/'jrit,  Im<  <  0. 
A  more  localized  wavepacket  can  be  obtained  with  /  (t)  =S  “  2/jrtt^,  but  to  demonstrate  the  interaction 

with  the  boundaries  we  chose  f—6,  which  is  a  PB  with  slower  axial  decay.  With  this  choice  we  identify  T  as 
the  3dB  pulse  width,  and  W  =  Way/l  +  iz/b)^,  Wo  =  2^/^,  as  the  half-amplitude  beamwidth,  with  Wq  being 
the  beamwidth  at  the  waist  z  =:  0.  In  the  numerical  examples  we  use  c  =  1,  b  =  1,  without  loss  of  generality. 
Figures  1-3  depict  results  of  numerical  runs  with  T  =  2  x  10“^,  AC  =  2  x  lO""*,  Ar  =  8  x  10“^  and  7(  =  0.495  at 
normalized  times  i  =  0.1,  1,  2,  i.e.,  when  the  PB  is  in  the  near  Fresnel  zone,  at  the  Fresnel  distance  and  at  twice 
the  Fresnel  distance  (far  zone).  A  comparison  of  the  axial  distributions  at  r  =  0  for  the  numerical  solution  versus 
the  exact  solution  is  shown  in  Figure  4.  Because  of  (24a),  there  is  a  static  error  at  the  C  =  Cm>n  boundary.  This 
error  exists  only  on  the  boundary,  and  has  no  effect  on  the  numerical  solution  within  the  computational  grid,  since 
it  cannot  forward  propagate  into  the  moving  frame.  In  figures  1-3  we  showed  the  numerical  solution  without  the 
boundary  C  =  Cmin-  To  demonstrate  this  phenomenon,  we  show  the  numerical  solution  of  the  PB  at  t  =  2  with  the 
boundary  C  =  Cmin  in  figure  5. 
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Figure  1:  P  field  distribution  of  the  PB  at  t  =  0.1. 


Figure  2:  P  field  distribution  of  the  PB  at  t 


Figure  3:  P  field  distribution  of  the  PB  at  <  =  2.  Figure  4:  Numerical  solution  (dashed)  versus  exact  so¬ 
lution  (solid)  of  the  P  field  distribution  of  the  PB  at 
t  =  2,  r  =  0. 


Figure  5:  Same  as  figure  3  with  the  boundary 
C  =  Cmin  included. 
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Abstract 

A  fimte-volume  time-domain  (FVTD)  formulation  to  solve  microwave  heating  problems  on  general  two- 
three-dimensional  arbitrarily  shaped  irregular  grids  is  developed.  The  method  is  directly  applied  to  the 
integral  form  of  the  Faraday  and  Ampere  laws  in  the  time-domain  and  aUou-s  coupling  with  a  heat  transfer 
equation.  The  new  scheme  uses  discrete  unknown  variables  based  on  the  cell  edge  and  remains  consistent  with 
^^^?^ggered-grid  methodology  of  the  FDTD  method.  It  is  shown  that  the  FVTD  method  is  equivalent  with  the 
FDTD  technique  for  regular  meshes,  however,  a  significant  advantage  of  the  new  method  is  that  it  is  suitable  for 
arbitrarily  shaped  geometries.  F\irthernior€j  the  FVTD  and  FDTD  methods  can  be  combined  within  a  single 
strategy  to  provide  an  efficient  numerical  solution.  The  method  is  tested  and  verified  on  a  simple  waveguide 
example  for  which  an  analytic  solution  is  available.  The  technique  is  applied  subsequently  to  a  horn  applicator 
device  and  to  a  more  compli^ted  cavity  problem  where  the  solutions  for  the  power  density  distribution  are 
compared  directly  with  experimental  results  previously  reported  in  the  literature. 


1.  Introduction 


In  the  mid-1960s,  Yee  [1]  introduced  a  computationally  efficient  means  of  solving  directly  Maxwell’s  time-dependent 
curl  equations  using  finite  difference  techniques.  Nowadays,  the  Finite-Difference  TimVDomain  method  (FDTD) 
has  become  one  of  the  most  popular  and  widely  used  computational  methods  in  electromagnetics.  In  recent 
years,  there  has  been  an  increasing  interest  in  the  numerical  simulation  of  microwave  heating  problems  via  a 
direct  solution  of  Maxwell’s  equations  using  the  FDTD  method  [2]  [4]  [5]  [6]  [8].  The  finer  details  of  the  FDTD 
rnethod,  together  with  an  investigation  of  it’s  performance  for  solving  microwave  heating  problems  has  been 
given  in  a  previous  paper  by  the  authors  [11].  For  problems  involving  general  non-rectangular  domains,  ‘stair¬ 
cased’  orthogon^  approximations  have  been  used.  Unfortunately,  although  relatively  simple  to  implement,  this 
approach  often  gives  rather  poor  approximations  to  the  boundary  shape  imless  a  very  fine  mesh  is  used.  However,  a 
subst^ti^  refinement  of  the  mesh  can  lead  to  increases  in  both  memory  and  computation  time.  Another  technique 
Jat  h^  been  used  in  the  past  to  treat  irregularly  shaped  conducting  boundaries  is  the  contour  path  method  [9]. 
This  scheme  is  implemented  in  essentiaUy  the  same  manner  as  the  FDTD  method  except  at  the  boundaries,  where 
the  Faraday  and  Ampere  laws  are  integrated  over  the  surfaces  of  the  boundary  elements. 

The  solution  of  M^ell’s  equations  on  irregularly  shaped  computation  domains  generally  is  carried  out  using  the 
Fmte- Element  or  Fimte- Volume  numerical  techniques.  However,  Finite-Element  methods  can  be  rather  expensive 
when  solymg  Maxwell  s  equations  in  the  Time-Domain,  since  the  method  has  to  solve  a  large  sparse  matrix  system 
at  every  iteration  [10].  On  the  other  hand,  the  Finite- Volume  technique  can  be  implemented  explicitly  using  an 
approjmately  chosen  time  marching  strategy  to  advance  the  solution  in  time.  In  this  case,  matrix  inversion  is 
avoided,  however,  more  stringent  time  step  restrictions  must  be  imposed  before  stability  can  be  achieved. 


R^ently,  the  finite  volume  method  has  been  used  to  solve  Maxwell’s  equations  in  the  time  domain  [3]  [7].  In  [3] 
the  concept  of  a  dual  and  a  primary  cells  was  introduced.  The  dual  cell  is  constructed  from  the  primary  cell  by 
joining  frs  b^centres  which  is  located  at  the  average  of  the  coordinates  of  the  nodes  of  the  primary  cell.  The 
ei^tnc  field  is  computed  by  using  a  volume  integration  around  the  dual  cell  which  contains  the  primary  cell  edges 
where  the  fle^nc  fidd  components  are  located.  The  magnetic  field  was  computed  in  a  similar  manner  using  the 
primary  cell.  The  scheme  is  marched  in  time  by  the  explicit  leap-frog  algorithm. 


ti  [7],  volume  integration  of  the  time-domain  Maxwell  equations  was  used.  Discrete  unknowns  are  thus  volume 
mtegrals  or  cell  averages  of  electric  and  magnetic  field  variables.  Arbitrary  sets  of  basis  functions  are  introduced 
m  constructing  local  representations  of  the  fields  and  evaluating  the  volume  and  surface  integrals.  Electric  and 
magnetic  fields  approi^ated  by  linear  combinations  of  these  basis  functions.  The  staggered  leap-frog  scheme 
and  the  Runge-Kutta  methods  are  utihzed  for  the  time  integration. 
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In  this  paper,  a  new  Finite- Volume  Time-Domain  (FVTD)  technique  for  solving  microwave  heating  problems  has 
been  developed.  Both  the  cavity  and  the  load  can  be  of  arbitrary  shape.  The  mesh  can  consist  of  structured  and 
imst matured  primary  cells  that  can  be  of  any  shape  and  form.  A  dual  cell  is  constructed  around  the  primziry  cell 
by  connecting  the  centres  of  the  primary  cells  in  a  similar  fashion  to  that  described  in  [3],  The  FVTD  method  is 
applied  directly  to  the  integral  form  of  the  Faraday  and  Ampere  Laws  in  the  Time-Domain.  One  of  the  benefits  of 
this  scheme  is  that  FDTD  and  FVTD  can  be  combined  within  the  one  code  to  produce  optimal  processing  times. 
Although  not  discussed  in  great  detail  within  this  article,  the  new  FVTD  technique  has  been  combined  with  a 
complete  heat  and  mass  transfer  code  so  that  drying  and  heating  operations  can  be  analysed. 

The  method  is  tested  and  verified  on  a  simple  waveguide  problem  for  which  an  analytic  solution  is  available.  The 
technique  is  applied  subsequently  to  a  horn  applicator  device  and  to  a  more  complicated  cavity  problem  where  the 
solution  for  the  power  density  distribution  is  compared  directly  with  experimental  results  previously  reported  in 
the  literature. 

2.  Formulation  of  the  Microwave  Heating  Mathematical  Model 

In  a  simple  microwave  heating  system,  such  as  that  exhibited  in  Figure  1,  an  input  microwave  power  signal  is 


propagated  along  a  waveguide  into  a  cavity  and  used  subsequently  to  irradiate  and  heat  a  lossy  material  that  is 
loaded  at  some  specified  position  within  the  cavity.  TjTjically,  this  simple  system  can  not  be  resolved  using  classical 
analytic  techniques  and  numerical  methods  often  become  the  best  means  for  analysing  the  field  interaction  within 
such  a  configuration.  However,  even  the  numerical  treatment  of  this  problem  can  be  quite  difficult. 


The  fundamental  laws  of  electromagnetism  are  referred  to  as  Maxwell’s  equations  and  can  be  cast  in  terms  of 
a  compact  integral  representation.  In  general,  the  time- dependent  electric  and  magnetic  fields  that  exist  in  any 
given  region  of  space  should  satisfy  the  classical  Maxwell’s  equations  in  order  to  be  unique.  The  Faraday  cind 
Ampere  Laws  provide  a  system  of  equations  that  form  an  independent  set  of  coupled  relationships  between  the 
time-varying  electric  field  and  magnetic  field  quantities.  These  equations  allow  the  determination  of  the  volumetric 
power  density  distribution  within  the  load.  This  microwave  power  source  can  then  be  coupled  fiirther  with  the 
heat  transfer  equation  in  order  to  determine  the  thermal  distribution  of  the  load.  These  equations  are  summarised 
as  follows: 


1  dt 


IvP^pW^^ 


Edl 


H-dl 


«VT  •  ds  + 


(1) 

(2) 

(3) 


where:  E  and  H  are  the  electromagnetic  fields  intensity,  D  and  B  axe  the  electromagnetic  flux  density.  T,  p,  Cp, 
K  and  Q  are  the  temperature,  density,  heat  capacity,  heat  conductivity  and  power  density.  V,  A,  s  and  1  are  the 
volume,  surface  area,  surface  area  vector  and  surface  boundary  edge  length  vector.  The  constitutive  relations  are: 
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where  s  is  the  permittivity,  /i  is  the  permeability  and  a  is  the  electric  conductivity  of  the  medium,  r  is  microwave 
time  of  the  period. 

3.  Finite- Volume  Time-Domain  Formulation 

The  basic  philosophy  of  the  new  FVTD  method  remains  consistent  with  the  Leap-Frog  Two-Step  Methods  in 
time,  and  solves  the  integral  form  of  the  system  equations  (l)-(3)  on  the  discretized  space.  The  scheme  seeks 
to  achieve  second  order  accuracy  in  both  space  and  time.  Assuming  that  equations  (l)-(3)  have  to  be  solved  on 
an  irregular  three-dimensional  domain  R  having  m  outer  boundeiry  dR,  the  domain  R  is  first  discretized  into  a 
network  of  tetrahedral  cells  which  will  be  called  primary  cells.  Next,  dual  tetradecahedron  cells  are  created  around 
the  primary  cells  by  simply  connecting  the  primary  cell  centers.  The  E  field  is  located  on  the  primary  cell  edges 
at  the  points  where  the  edge  intersects  with  the  dual  cell  face.  The  H  field  is  located  on  the  dued  cell  edge  at  the 
point  of  intersection  with  the  primary  cell  face,  see  Figdre  2.  The  system  equations  (1)  and  (2)  can  be  written  in 


Figure  2;  Discrete  electric  and  magnetic  field  components  locations  relative  to  the  primary  and  dual  cells. 


discretized  form  as  follows: 


k=l 

e‘+‘.4  =  c,.,E;-'.4-c..,if;(Hr'''"-4)4  w 

Jt=i 

where,  At,  dni,  d^k  and  Ik  are  the  face  area,  unit  normal  direction  vector  of  the  face,  imit  direction  vector  of 
the  edge  and  edge  length  of  the  primary  cell  respectively;  Aj,  4. 4  are  the  face  area,  unit  normal  vector 
of  the  face,  unit  vector  direction  of  the  edge  and  edge  length  of  the  dual  cell  respectively;  Chi  =  ^t/pi,  Ceij  = 
{2ej  -  (Tj6t)/{2ej  -f  OjSt)  and  Ce2j  =  {26t)/{2£j  +  ajSt);  and  n  and  m  are  the  number  of  the  edges  for  the  primary 
face  and  the  dual  face  respectively. 

Equations  (8)  and  (9)  are  used  to  determine  the  components  of  the  magnetic  (H  •  dn)  and  electric  (E  ■  <?„)  fields  in 
the  direction  of  the  normal  to  the  primary  and  dual  cell  faces  respectively.  In  order  to  resolve  these  vectors  in  the 
directions  of  the  edge  face  vectors,  a  3  x  3  system  of  equations  is  generated,  solved  and  subsequently  projected  along 
the  edge  direction.  If  more  than  three  edges  connect  to  either  a  dual  or  primary  cell  center,  then  a  least-squares 
algorithm  can  be  used  to  obtain  the  best  approximation  for  E  and  H  (refer  figure  2) . 

The  data  structure  used  to  store  the  information  necessary  for  the  computations  is  edge  based.  It  is  considered  more 
efficient  to  store  all  of  the  information  following  the  order  of  the  primary  cell  edge  and  dual  cell  edge  separately. 
The  unknown  normal  components  of  the  electric  and  magnetic  fields  are  stored  following  the  order  of  their  primary 
cell  edges  and  dual  cell  edges  respectively.  Therefore,  all  the  information  will  follow  the  indices  of  the  edge,  and  is 
stored  in  the  following  ways: 


{  Ai  Li  4-  1--  } 

{  Enj  Aj  Lj  L  h  ) 
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In  addition,  the  primary  cell  volume  Vi  has  to  stored  only  in  the  dielectric  material  domain  for  computing  the 
temperature  distribution.  According  to  the  above  data  structure,  the  grid  can  be  structured  or  unstructured  and 
ordered  by  the  edges. 

Electromagnetic  waves  carry  with  them  electromagnetic  power.  When  an  external  electric  field  is  applied  to  a 
dielectric  material,  an  isolated  motion  of  the  conduction  electrons  and  dipolar  reorientation  will  result,  dissipating 
part  of  the  electrons  kinetic  energy  as  heat.  In  the  FVTD  scheme,  after  the  steady  state  solutions  for  E  are 
determined,  linear  interpolation  is  used  to  obteiin  the  power  at  the  center  of  the  primary  cell.  Then,  the  power 
density  distribution  can  be  calculated  by  equation  (7),  and  the  temperature  distribution  can  be  calculated  by 
equation  (3).  When  the  temperature  distribution  changes  the  dielectric  properties  of  the  material  significantly,  it 
is  necessary  to  re-solve  equations  (8)  and  (9)  so  that  the  power  density  distribution  can  be  updated.  This  procedure 
is  repeated  until  the  microwave  heating  is  finished. 

It  is  easy  to  see  that  this  new  FVTD  method  is  unlike  other  unstructured  formulations  used  in  computational  fluid 
dynamics  which  usually  compute  the  field  quantities  by  volume  integration,  together  with  some  form  of  interpolation 
scheme.  In  particular,  the  new  FVTD  method  uses  surface  integration  to  compute  the  field  quantities  in  a  very 
efficient  manner.  Moreover,  the  FVTD  method  reduces  to  the  FDTD  method  when  it  is  applied  to  an  orthogonal 
regular  grid.  A  significant  advantage  of  the  method  proposed  here  is  that  the  FVTD  and  FDTD  methods  can  be 
combined  within  a  single  strategy  to  provide  a  computationally  effective  numerical  solution  strategy.  The  detmls 
of  the  dielectric  interface  boundary  condition  and  field  singularity  behaviour  are  presented  in  [11].  The  stability 
and  error  analysis  of  the  new  scheme  will  be  reported  in  a  future  paper. 

4  Comparison  of  the  Numerical  Simulation  Results 

Based  on  the  above  formulation,  three  different  case  studies  using  three  different  applicator  co^gurations  ^e 
used  to  investigate  the  accuracy  of  the  proposed  numerical  model.  The  FVTD  method  has  been  implemented  in 
Fortran-77  emd  all  the  computations  were  performed  on  a  SGI  Power  Challenge  L  RIOOOO.  In  all  cases  a  standard 
TEio  mode  input  waveguide  operating  at  the  microwave  frequency  2.45  GHz  is  used. 

Case  Study  1 


In  this  case  study,  a  two-dimensional  code  that  combines  the  FDTD  and  the  FVTD  methodologies  together  is 
tested  by  using  a  combination  of  orthogonal  and  triangular  cells  within  a  closed  waveguide  system,  refer  to  Figure 
3(b).  The  system  was  discretised  using  a  mesh  of  dimension  20  x  100, with  40  mesh  points  along  the  waveguide  being 
used  for  the  orthogonal  mesh  component  and  60  mesh  points  along  the  waveguide  being  used  for  the  triangular 
component.  The  triangular  mesh  was  constructed  by  subdividing  each  rectangular  cell  into  two  triangles.  The 
electric  field  distributions  in  the  TEio  mode  waveguide  has  been  compared  with  the  analytical  solution  in  Figure 
3.  The  numerical  results  indicate  that  the  new  FVTD  scheme  matches  the  analytical  solution  almost  exactly  and 
shows  that  the  FDTD  and  FVTD  methods  work  well  together. 

Case  Study  2 


In  this  case  study,  a  three-dimensional  version  of  the  FVTD  model  is  used  to  compute  the  electromagnetic  field 
density  distribution  inside  a  waveguide  that  is  connected  w-ith  a  horn  region.  Such  devices  are  quite  often  used 
in  microwave  heating  systems.  The  details  of  the  configuration  are  given  in  Figure  4  (a),  and  the  system  was 
discretised  using  a  body  fitted  hexahedral  mesh  of  dimensions  80  x  40  x  323.  The  numerical  solutions  of  the 
electromagnetic  field  density  distribution  are  presented  in  Figure  4  (b)-(e).  These  numerical  results  show  that  the 
FVTD  method  produces  a  realistic  field  behaviour  that  conforms  with  the  shape  of  the  horn  device.  In  particular. 
Figure  4{b)  exhibits  a  perfectly  symmetrical  field  pattern  and  the  existence  of  a  double  mode  close  to  the  short 
circuit.  Furthermore,  at  the  junction  between  the  TEIO  waveguide  and  the  horn,  it  is  possible  to  observe  a  distinct 
change  in  the  TEIO  mode  field  pattern. 

Case  Study  3 


In  this  case  study,  an  experimentally  determined  thermal  image  for  a  arbitrarily  shaped  high  lossy  food  material 
(batter)  is  used  to  validate  the  simulation  results  obtained  by  the  FVTD  method.  The  reader  is  referred  to  [10]  for 
obtaining  all  of  the  finer’details  concerning  the  experiments.  The  cavity  had  the  dimensions  of  0.391  x  0.292  x  0.300 
(m)  with  respect  to  the  X,  Y  and  Z  directions,  see  Figure  5  (a),  and  was  fed  by  a  TEio  mode  waveguide,  operating 
with  frequence  2.45  GHz,  and  located  at  the  center  of  the  top  of  the  cavity.  The  dimensions  of  the  batter  were 
given  as  Diameter  =  0.135  (m)  and  Depth  =  0.030  (m).  The  disk  shape  material  of  batter  was  placed  on  the  long 
centerline  of  the  cavity,  0.020  (m)  from  the  side  and  0.050(m)  from  the  bottom.  The  relative  permittivity  of  the 
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(a.  TEio  waveguide  0.086  x  0.043  x  0.43  (m^))  (b.  2D  mixed  oHhogonal  and  triangular  mesh) 


(c.  numerical  solution  of  electric  (d.  (OOO  )  analytical  solution, 

field  density  distribution)  and  (A  A  A)  numerical  solution) 


Figure  3;  Two-Dimensional  Model 


(b.  electric  field  in  X-Z  plane) 


(c.  electric  field  in  Y-Z  plane)  (d.  magnetic  field  in  X-Z  plane)  (e.  magnetic  field  in  Y-Z  plane) 
Figure  4:  Electromagnetic  field  density  distribution. 
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(e)  (f) 

Figure  1:  Power  density  distributions,  (a)  configuration  of  the  system,  (b)  thermal  image  on  the  top  surface  of 
the  material,  (c)  mesh  inside  the  matericd,  (d)  the  contour  plot  of  power  at  top  surface  of  the  material  in  X-Y 
plane,  (e)  the  contour  plot  of  power  at  middle  of  the  material  in  X~Y  plane,  (f)  the  contour  plot  of  power  at  bottom 
surface  of  the  material  in  X-Y  plane. 
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batter  was  given  as  38.3  -  9.2i.  Unfortunately,  the  heating  parameters  of  the  batter  were  unable  to  obtained,  so 
that  the  temperature  distribution  was  not  computed  in  this  case.  Consequently,  the  power  density  distribution, 
rather  than  a  thermal  distribution,  is  displayed  here. 

Since  a  commercial  mesh  generator  was  unavailable,  a  hexahedral  mesh  was  generated  to  match  the  inner  interface 
boundary'  of  the  load.  The  entire  mesh  dimensions  were  117  x  88  x  90.  The  computational  time  of  the  FVTD 
scheme  for  this  case  required  4.5  hours  to  run  for  40  microwave  periods  for  a  total  of  5320  iterations.  In  Figure  5 
(d)-(f),  it  can  be  seen  that  the  power  density  distribution  matches  the  thermal  image  more  than  adequately. 

Note  that  the  power  profiles  exhibited  in  Figure  5  (d)-{f)  provide  a  suitably  accurate  map  of  where  distinct  heating 
patterns  should  arise  within  the  materials  throughout  microwave  irradiation.  In  this  sense,  a  comparison  of  the 
results  shown  here  and  the  thermal  images  shown  in  [10]  highlights  that  the  solutions  obtained  using  the  FVTD 
method  are  representative  of  reality.  In  particular,  the  higher  temperature  locations  evident  within  the  material 
in  the  thermal  images  coincide  precisely  with  the  power  density  maxima  established  by  the  FVTD  model. 

5  Conclusions 

This  paper  provides  a  detailed  formulation  of  a  new  FVTD  method,  and  presents  three  case  studies  which  test 
the  performance  and  validity  of  the  proposed  algorithm.  In  conclusion,  the  new  FVTD  code  was  used  successfully 
to  model  microwave  heating  in  multimode  cavities  and  was  able  to  predict  accurately  the  microwave  heating 
phenomena  that  arise  during  experiments.  The  next  stage  in  this  research  concerns  the  further  analyses  of  the 
stability  of  the  FVTD  scheme  and  how  different  mesh  structures  influence  the  numerical  errors. 
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1  Introduction 

The  method  being  presented  in  this  paper  is  devoted  to  the  simulation  of  the  three  dimensional  electromagnetic 
devices  using  the  time  domain  Maxwell  equations  and  a  parallel  finite  volume  solver  with  unstructured  meshes 
(tetrahedral  elements).  Such  methods  have  been  initially  developed  with  element  centered  finite  volumes  [3]  and 
usually  with  second  order  Lax-Wendroff  schemes  on  regular  grids  [6].  We  will  present  here  a  node  centered  finite 
volume  method  together  with  the  scheme  we  have  written  to  treat  multi  layer  materials  and  heterogeneities.  In 
particular,  this  Godunov  scheme  is  able  to  deal  with  large  variations  of  material  indices  and  surface  currents. 
Furthermore,  the  resulting  scheme  is  third  order  accurate  both  in  time  and  space  and  completely  explicit  in 
time.  From  this  method,  the  software  named  MAXWELL/VF  has  been  developed  jointly  by  the  INRIA  Sophia- 
Antipolis  institute  and  the  SIMULOG  SA  society.  Concerning  the  parallelisation,  the  reader  may  find  some  further 
information  in  [5,  7]  and  particularly  about  high  performance  computing  with  FDTD  methods  on  massively  parallel 
computers.  The  airn  remains  different  in  this  paper  since  some  numerical  results  (with  unstructured  meshes)  as  well 
as  performance  results  obtained  with  MAXWELL/VF  on  sets  of  clusters  of  workstations  or  personal  computers 
will  be  presented. 

2  The  finite  volume  Maxwell  solver 

2.1  Description  of  the  numerical  method 

The  time  domain  Maxwell  equations  are  among  the  most  general  governing  equations  in  electromagnetism  which 
involve  the  electromagnetic  field  *(E,H)  e  HR®  and  the  inductions  Q  =  *(B,D)  €  iR®.  In  order  to  complete  the 
model,  we  have  joined  the  classical  linear  constitutive  equations  which  involve  the  electric  permittivity  e(x)  and 
the  magnetic  permeability  /i(x).  Here,  we  only  consider  isotropic  materials  with  e  and  jj.  as  piecewise  constant 
functions.  Maxwell  system  may  be  finally  written  in  terms  of  the  inductions  as  the  following  condensed  conservative 
form  : 

Qt  -f-^.F(x,Q)  =  -J  (1) 

where  F(x,  Q)  =*  (Fi(x,  Q) ;  F2(x,  Q) ;  F3(x,  Q))  with  Fj(x, .)  e  jC(J?®)  ,  /  =  1,2,3.  The  right-hand-side  is  some 
eventual  volumic  source  terms.  System  (1)  is  hyperbolic  and  one. may  refer  to  [1|  for  further  details  about  this 
point. 

As  the  Maxwell  system  in  transient  state  is  hyperbolic  and  may  be  rewritten  in  conservative  form,  it  is  natural 
to  use  a  numerical  approximation  based  on  conservative  upwind  schemes,  developed  for  solving  such  systems. 
Let  us  recall  now  briefly  the  main  characteristics  of  the  used  approximation.  Consider  a  discretisation  of  the 
computational  domain  by  nt  finite  elements  (triangles  or  tetrahedra).  Another  partition  of  fl  is  then  constructed 
as  f)  =  Ci  where  ns  is  the  number  of  nodes  and  is  a  cell  [1].  Contrary  to  most  finite  volume  tjq)e  methods 
used  in  electromagnetism,  the  degrees  of  freedom  here  are  located  in  the  mesh  nodes.  A  weak  formulation  is 
obtained  by  integrating  system  (1)  on  each  cell  Ci  taking  the  characteristics  functions  of  the  cell  as  test  functions. 
Assuming  partial  derivative  Qt  to  be  constant  in  space  on  Ci  yields  the  equation  for  each  mesh  node  using  a  Green 
formula  : 

l^ol(Ci)  (Q()i -h  f  F(x,Q).i/cfcr=  -  f  3  da  (2) 

JdCi  JCi 
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where  u  is  the  unit  normaJ  exterior  to  dCi. 

Eq.  (2)  is  then  broken  down  into  a  sum  of  internal  fluxes,  boundary  terms  and  sources  : 

N, 

Vol{Ci)  (Qf)j  +  ^  ^ij  +  boundary  terms  +  sources  =  0  (3) 

j=i 

where  Ni  is  the  number  of  neighbors  of  the  central  node  of  Ci  and  ^ij  is  an  approximation  of  the  internal 
ja^ix  Jqc  ndc  F(x,  Q).i^do'-  Since  the  Maxwell  system  is  hyperbolic,  we  choose  an  upwind  approximation  for 
the  numerical  fluxes  ^ij  depending  on  states  Qi  and  Q;  that  are  constant  per  cell.  To  evaluate  these  internal 
fluxes,  we  introduce  the  notation  rj  ~  Jgc.nac,  numerical  flux  function  $  to  express  the  fluxes  as 

=  ^(xi,Xj,Qi,Qj,t7).  We  assum  here  that  F(x,Q)'does  not  depend  on  \-ariable  x  in  each  cell  and  is  noted 
F(xi,Q)  in  Ci. 


2.2  The  Godunov  scheme 

Unlike  the  homogeneous  case,  the  first  order  upwind  schemes  are  not  all  identical  when  dealing  with  heterogeneous 
or  multi-layer  materials.  We  have  first  extended  a  flux  decomposition  according  to  the  sign  of  the  eigenvalues  of 
Maxwell  system  [1]  :  =  ^+(Xi,77)Q,  +  >l-(xj,T7)Qy  where  .4(x)  =  '£1=1,3  As  it  is  shown  in  fig. 

4.A,  this  scheme  does  not  satisfy  numerically  the  continuity  of  the  EM  field  tangential  components  and  produces 
oscillations.  We  have  used  so  a  Godunov  scheme  for  Maxwell  equations  which  satisfies  by  construction  the  jump 
conditions.  The  fluxes  associated  to  the  Godunov  scheme  in  cell  Ci  lead  to  =  >4^(xi,77)Q7/  where  Q//{Qi,  Qj) 
is  solution  of  a  Riemann  problem  which  is  solved  exactly. 

After  a  change  of  variable,  ^ij  €  iR®  is  completely  defined  by  solving  the  two  iD-subsystems  (4)  locally  at  the 
interface  S  =  dCiH  dCj  (placed  at  y  =  yiti)  and  between  the  time  steps  Tn  and  Tn+i  •  The  Riemann  problem  is 
the  following  Cauchy  problem  which  corresponds  to  the  Maxv^ell  system  written  in  the  T7-direction  : 


0  7 
0 


,w(y,T  =  Tn)  = 


Wf  if  y  <  yip, 
if  y>  yi|i 


(4) 


where  the  components  of  w  G  stands  for  two  sets  of  Hnear  combinations  of  the  EM  field  components.  A  source 
of  currents  may  be  present  at  the  interface  and  is  noted  J s{t)  =  The  boundary  conditions  (or  jump 

conditions)  at  the  interface  write  [  Aw  ]^  =  .  This  system  may  be  solved  entirely  and  analytically  (see  [4]) 

and  a  representation  of  the  solution  is  shown  on  fig.  1.  It  consists  in  four  constant  states  in  the  (y,T)  plane  .  the 
initial  states  W/,i  =  W”,  W/v^  =  and  the  ones  at  the  interface  which  has  to  be  defined  (W//,i  and 
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Finally,  the  solution  (associated  to  the  positive  sign  in  subsystem  (4)  and  cell  Ci)  writes  : 

W,,n 


W2,II  = 


-  ZiW},,)  +  ^  +  j-M.) 

+  j-M,) 


(S) 


Zi+Zj 


The  jump  conditions  give  : 


with  6  =  ^  "where  is  the  impedance  of  the  material  associated  to  cell  Ci- 


Wijii  =  ^Wi,n  +  hJs 

Mi 


and 


W2jn  =  ^W2,u~ejMs. 


and  the  Godunov  scheme  is  now  completely  defined.  In  presence  of  currents,  ^  and  =  —A{-x.j,r])Qiu, 

Let  us  note  that  Q  is  not  constant  across  the  interface  but  the  fluxes  are  if  no  current  is  present  at  the  interface. 

The  linear  flux  function  leads  to  a  first  order  scheme  no  matter  if  we  use  a  flux  decomposition  (Steger-Warming) 
type  scheme  [2]  or  a  Godunov  scheme  [4).  The  MUSCL  method  increases  the  accuracy  by  raising  the  degree  of 
interpolation  of  unknown  Q  on  the  cell.  We  have  to  define  some  new  values  on  the  cell  interfaces  which  requires 
defining  gradients  of  the  approximated  solution  in  the  mesh  nodes.  We  extended  here  the  numerical  flux  to  the 
second  and  the  third  order  in  space  using  a  /3- scheme.  The  higher  order  flux  is  written  as  follows  on  the  cell 
interfaces  using  the  interpolated  fields  Qij  and  Q^i  : 

Qji,v)  ,  Qij  =  Qi  +  i{(l  -2P){Qj  -  Qi)  +  20^Qi.Tj}  . 

The  gradients  at  node  i  are  evaluated  by  means  of  the  Galerkin  gradients  [1]  and  the  value  of  the  parameter  0  is 
chosen  here  to  be  1/3.  Concerning  the  time  integration,  we  use  the  explicit  Runge-Kutta  scheme  with  three  steps 
and  low  storage.  The  resulting  scheme  is  third-order  accurate  both  in  time  and  space  and  conditionally  stable. 


3  Parallelisation 

The  Maxwell  solver  previously  presented  is  included  in  a  whole  software  chadn  starting  from  the  mesh  generator 
and  going  to  the  graphic  visualisation.  Particularly  this  chain  allows  to  perform  calculations  with  one  processor 
(or  with  a  workstation)  as  well  as  with  several  ones.  The  parallelisation  of  MAXWELL/VF  has  been  performed 
using  the  PVM^  library  of  communications.  So,  we  have  chosen  to  use  a  SPMD  approach  based  on  the  splitting 
of  data  and  message  passing.  This  approach  is  adapted  to  a  large  variety  of  computers  and  some  modifications 
of  the  initial  sequential  source  code  have  to  be  done.  However,  these  modifications  are  very  few'  as  they  consist 
essentially  in  adding  communication  routines. 

First  of  all,  we  have  to  make  a  pre-processing  step  in  order  to  split  the  initial  global  mesh  into  several  subdo¬ 
mains.  Each  subdomain  is  then  associated  to  a  node  of  calculation  (a  processor  or  a  workstation).  This  splitting 
includes  the  generation  of  information  used  for  communications  (PVM)  and  this  phase  is  realised  by  means  of  the 
MS3D^  tool.  A  decomposition  with  subdomain  overlapping  has  been  chosen  :  the  interface  layer  is  one  element 
width  for  the  first  order  scheme  and  also  for  the  third  order  accurate  one.  An  update  of  the  boundary  points  is  so 
required  and  is  made  by  the  means  of  communications  between  the  subdomains  (for  the  solutions  and  the  gradi¬ 
ents).  The  parallel  program  is  made  of  a  HOST  program  which  initialises  the  parallel  processes  and  leads  several 
NODE  programs  executed  by  the  nodes  of  calculation.  Finally,  the  local  solutions  are  merged  by  a  post-processing 
procedure  which  uses  information  issued  from  MS3D  to  recompose  the  global  solution.  The  merged  solution  may 
then  be  viewed  through  a  visualisation  tool  as  ENSIGHT^  in  our  case. 

^Parallel  Virtual  Machine,  version  3.2 
^SIMULOG  software 
^CEI  software 
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•  CrBJDfWS-  -  TRtWlE  WB*  -  OWBWXcS  f 


Figure  2;  Decomposition  of  a  2D  triangular  mesh  in  8  subdomains. 


4  Numerical  results 

4.1  Exemples  of  mesh  decomposition 

The  MS3D  tool  is  a  necessary  step  before  a  paraUel  execution  of  MAXWELL/VF.  A  first  example  of  decomposition 
IS  presented  m  fig.  2  for  a  two  dimensional  airfoU  mesh  splitted  in  8  subdomains.  The  global  triangular  mesh  is 
made  of  approximately  28  000  nodes. 

The  mesh  generator  SIMAIL^  has  been  used  to  build  the  volumic  mesh  around  a  sphere.  The  global  mesh  is 
made  of  35  686  nodes  and  191  312  elements.  On  fig.  3.A,  one  part  of  a  two  subdomain  decomposition  is  shown 
whereas  a  four  subdomain  decomposition  is  presented  on  fig.  3,B. 


Figure  3; 

3.A  :  Volumic  view  of  one  subdomain  3.B  ;  View  of  the  mesh  skin  with  a  four 

out  of  two.  subdomains  decomposition. 


4.2  Numerical  experiments 

4.2.1  A  2D  coated  airfoil 

Let  us  consider  now  a  2D  perfectly  conducting  NACA0012  airfoil  coated  by  a  thin  layer  of  lossless  dielectric.  The 
airfoil  IS  illuminated  by  a  TM  impulse  at  zero  incidence  and  the  value  of  the  permittivity  in  the  layer  is  4.  We 
compare  m  fig.  4  the  decomposition  of  fluxes  {Steger- Warming)  and  the  Godunov  scheme  (exact  Riemann  solver) 
by  means  of  isovalues.  One  can  notice  that  only  the  Godunov  scheme  satisfies  the  field  continuity  in  this 
case. 
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Figure  4: 

4.A  :  Flux  decomposition  scheme.  4.B  :  Godunov  scheme. 


4.2.2  The  sphere 

We  present  now  a  three  dimensional  simulation  which  consists  in  computing  the  radar  cross  section  (RCS)  of  a 
perfectly  conducting  sphere.  The  artificial  boundary  which  limits  the  computationcil  domain  is  placed  at  a  distance 
of  one  wavelength  (A)  from  the  body.  The  radius  r  and  the  frequence  /  of  the  incoming  wave  satisfy  the  relation 
k*r  =  4.78.  In  order  to  compute  the  RCS,  the  sphere  is  illuminated  by  a  plane  wave  and  the  time  evolution  of 
the  electromagnetic  field  is  computed  until  a  periodic  state  is  reached.  A  Fourier  transformation  is  then  applied 
to  get  the  solution  in  the  frequency  domain.  Finally,  we  use  a  near  field  to  far  field  transformation  to  get  the 
RCS.  One  can  observe  a  good  agreement  between  the  exact  and  numerical  solutions  on  fig.  6. A.  This  result  has 
been  obtained  with  a  boundary  surface  set  only  at  a  distance  of  one  wavelength  from  the  sphere  and  a  first  order 
absorbing  condition.  Besides,  the  number  of  points  per  wavelength  varies  from  6  to  15  in  the  whole  mesh. 

4.2.3  The  cylindrical  cavity 

This  test  case  involves  a  perfectly  conducting  cavity  having  a  closed  side  and  vacuum  inside.  More  precisely,  the 
cavity  consists  of  a  right  hollow  cylinder  and  we  look  for  unsteady  solutions  relative  to  the  initial  incident  wave 
front  given  by  an  impulse.  This  test  case  has  been  reahsed  for  the  workshop  [8]  and  further  details  may  be  found 
in  the  proceedings.  The  evolution  of  the  toted  electric  field  at  point  0  (shown  in  fig.  5)  is  reported  in  fig.  6.B 
during  12  periods. 


Figure  5:  Geometry  and  observation  point  O. 


4.3  Performance  results 

We  have  reported  in  this  section  the  CPU  times  and  the  performance  results  in  terms  of  Mflop/s  concerning  two 
test  cases.  The  results  reported  in  this  section  concern  single  precision  (32  bit).  One  can  add  an  amount  of  30% 
to  the  following  results  in  order  to  have  an  evaluation  for  double  precision.  In  the  following  tables,  the  times 
TCPU  and  TCOM  concern  only  the  Maxwell  solver  and  refer  to  the  CPU  time  and  the  communication  time. 
Unless  specified,  the  reported  times  always  refer  to  the  duration  of  the  numerical  simulation  for  one  time  step. 
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Figure  6: 

6. A  :  Radar  Cross  Section  of  the  sphere.  6.B  :  Time  evolution  at  point  0  (cylindrical  cavity). 


Let  us  note  that  the  performance  calculations  are  based  on  the  maximum  of  the  measured  times  over  the  NMAX 
different  nodes  of  calculation.  The  percentage  of  communication  time  over  the  CPU  time  is  noted  PERCOM  and 
MF  represents  the  performance  results  in  terms  of  Mflop/s. 

We  present  now  some  performance  results  obtained  with  clusters  of  workstations.  A  set  of  four  DEC-ALPHA 
500  (333  MHz)  has  been  used  but  measurements  with  Pentium  Pro  PC’s  (200  MHz)  are  also  presented.  Let  us 
note  that  the  network  links  of  these  two  sets  have  both  a  rate  of  10  Mb>i;es/s.  We  recall  that  the  mesh  of  the 
sphere  is  composed  of  35  686  nodes  and  191  312  tetrahedras.  The  test  case  related  here  is  the  calculation  of  the 
RCS  after  the  convergence  of  the  solution  towards  a  periodic  state  (see  fig.  6. A).  The  third  order  scheme  both 
in  time  and  space  has  been  used.  The  performance  results  versus  the  number  of  workstations  are  shown  in  tab. 
1  for  the  DEC  ALPHA’S  set.  Both  CPU  and  communication  times  have  been  also  reported  in  tab.  1.  The  field 
TOTCPU  refers  to  the  total  CPU  time  needed  to  obtain  the  final  result  of  this  test  case,  that  is  to  say  the  RCS 
diagram.  These  measurements  reveal  a  good  speed-up  of  MAXWELL/VF  whose  value  is  3.7  with  four  nodes  of 
calculation.  In  particular,  MAXWELL/VF  reaches  469  Mflop/s  with  four  nodes. 


■ 

TCPU  (s/iter.) 

TCOMM  (s/iter.) 

PERCOMM  (%) 

TOTCPU  (min) 

MF  (Mflop/s) 

SPEED-UP 

1 

3.21 

0 

0 

24 

128 

1 

2 

1.71 

0.08 

4.8 

13 

241 

1.9 

m 

0.87 

0.08 

9.8 

7 

469 

3.7 

Table  1:  CPU  and  communication  times  with  DEC- ALPHA’S. 


The  same  experience  has  been  made  with  the  set  of  PC’s  and  results  are  shown  on  tab.  2.  Performances  are 
less  benefit  that  the  ones  obtained  with  DEC- ALPHA’S  but  very  encouraging  for  such  new  installations  (speed-up 
of  3.5  and  122  Mflop/s  with  four  nodes).  One  can  observe  that  the  performance  obtained  with  one  DEC- ALPHA 
is  reached  equivalently  with  four  PC’s  (see  tabs.  1  and  2).  However,  these  results  show  that  scientific  computing 
may  be  envisaged  with  such  PC’s. 
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■ 

TCPU  (s/iter.) 

TCOMM  (s/iter.) 

PERCOMM  (%) 

SPEED-UP 

B 

12.6 

0 

0 

92 

35 

1 

B 

6.6 

0.11 

1.6 

48 

67 

1.9 

B 

3.57 

0.12 

2.2 

26 

122 

3.5 

Table  2:  CPU  and  communication  times  with  Pentium  PC’s. 


5  Conclusion 

We  have  developed  a  finite  volume  method  of  a  high  order  accuracy  for  solving  the  3D  time  domain  Maxwell 
equations  where  the  use  of  unstructured  meshes  is  adapted  to  any  geometry.  Furthermore,  the  MAXWELL/VF 
software  has  been  parallelised  by  using  a  message  passing  technic.  The  parallel  version  is  of  a  confortable  use  since 
it  is  included  in  a  whole  chain  of  softwares.  As  for  the  performance  results,  they  show  the  ability  of  this  software 
to  run  on  workstations  such  as  personal  computers.  We  have  also  proposed  a  Godunov  scheme  which  satisfies 
the  jump  conditions  at  a  surface  discontinuity  in  a  discrete  way.  The  continuity  of  the  tangential  components  of 
the  EM  field  is  insured  and  currents  may  be  introduced.  At  the  moment,  this  software  is  still  being  developed  to 
increase  its  modelling  capabilities  and  all  its  characteristics  allow  to  consider  the  simulation  of  complex  devices 
and  large  scale  applications. 
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INTRODUCTION 

Computational  electromagnetics  and  computational  fluid  dynamics  have  evolved  as  independent  areas  of  numerical 
analysis,  but  the  equations  which  are  solved  in  these  two  areas  are  fundamentally  sumlar.  It  therefore  seems  plausible  that 
methods  developed  in  one  area  should  also  be  applicable  to  the  other,  with  possible  savings  of  time  and  computer 
resources.  This  paper  describes  a  test  of  this  idea;  a  general  method  originally  developed  for  aerodynamic  calculations  by 
specialists  at  the  Famborough  site  of  the  Defence  Research  Agency  (DRA)  is  now  being  adapted  for  electromagnetic 
calculations,  with  the  collaboration  of  specialists  at  the  DRA’s  Malvern  site. 

Apart  &om  quasi-optical  techniques  at  high  frequencies,  the  usual  methods  of  computational  electromagnetics  (CEM)  for 
scattering  bodies  are  all  variations  of  the  so-called  “method  of  moments”.  This  method  has  a  long  and  successful  history 
—  some  thirty  years  in  its  modem  form  (e.g.  Harrington  [1]),  with  ideas  traceable  back  to  the  last  century  but  its 
computational  demands  grow  very  rapidly  with  increasing  frequency,  typically  according  to  the  well-known  sixth-power 
law.  Our  wish  to  improve  on  this  growth  rate  provided  the  motive  for  investigating  the  methods  of  computational  fluid 
dynamics  (CFD).  We  have  focused  our  attention  on  one  of  these  methods,  the  finite-difference  flux-balance  method 
described  by  Hall  [2],  which  is  being  progressively  modified  and  re-programmed  by  one  of  us  (C.C.L.).  Before  describing 
the  Hall-Lytton  method  in  detail,  we  give  an  overview  of  it  in  relation  to  the  method  of  moments. 


OVERVIEW 

The  method  of  moments,  as  applied  to  general  scattering  problems,  is  a  finite-element  method.  It  essentially  consists  of 
formulating  a  set  of  simultaneous  linear  equations,  which  express  the  field  scattered  by  a  body  in  terms  of  currents 
induced  on  (or  in)  small  elements  of  the  body  by  the  incident  field.  These  equations  are  then  solved  for  the  currents,  from 
which  the  scattered  field  may  be  calculated.  However,  no  finite  element  may  be  larger  in  any  dimension  than  some 
modest  fraction  of  the  wavelength  (typically  1/8),  so  the  number  of  elements  required  to  cover  a  body’s  surface  is 
proportional  to  the  square  of  the  frequency;  and  so  is  the  number  of  simultaneous  equations.  The  work  of  solving  them  is 
then  proportional  to  the  cube  of  their  number,  and  so  to  the  sixth  power  of  the  frequency  (if  every  current  significantly 
affects  every  equation,  which  is  the  usual  case).  If  the  scattering  body  is  penetrated  by  die  incident  field,  the  finite 
elements  may  have  to  fill  its  volume  as  well  as  covering  its  surface,  and  their  number  is  even  greater.  Another  problem  is 
that  the  method  of  moments  is  essentially  applied  to  one  frequency  at  a  time,  so  a  body’s  response  to  a  broad-band  radar 
(for  example)  can  only  be  determined  by  repeating  the  entire  calculation  for  many  closely-spaced  single  frequencies. 

The  Hall-Lytton  method,  in  contrast  to  the  finite  elements  of  the  method  of  moments,  uses  finite  differences,  operating 
directly  with  Maxwell’s  partial  differential  equations  for  the  components  of  the  electromagnetic  field;  these  are  calculated 
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on  a  grid  (sometimes  called  a  mesh  or  an  array)  of  points  in  space  with  stepping  in  time.  Since  the  method  uses  time¬ 
stepping  rather  than  working  with  a  specified  frequency,  it  is  directly  suited  to  calculating  a  scattering  body  s  response  to 
broad-band  or  pulsed  transmissions;  and  since  finite-difference  methods  work  by  propagating  changes  from  each  grid 
point  to  and  from  its  neighbours  at  each  step,  we  do  not  have  to  manipulate  a  dense  matrix  of  coefficients  representing  the 
interaction  of  every  point  with  every  other  point.  The  total  amount  of  computation  still  depends  strongly  on  the  highest 
significant  frequency  of  excitation  through  its  effect  on  the  spacing  and  step  size  required  for  stability,  but  the  growth  rate 
is  proportional  to  the  fourth  or  fifth  power  of  the  frequency  instead  of  the  sixth. 

The  use  of  finite  differences  directly  in  Maxwell’s  equations  is  not  an  original  idea  in  itself;  simple  algorithms  on 
Cartesian  grids  have  been  studied  at  least  since  the  work  by  Yee  [3]  in  1966.  However,  to  make  the  idea  competitive  with 
the  method  of  moments,  three  things  are  necessary:  (i)  a  good  finite-difference  algorithm  (accurate,  self-consistent  and 
stable);  (ii)  a  good  grid  (well-conformed  to  the  scattering  body’s  irregularities,  and  spaced  more  finely  where  the  field 
components  are  changing  rapidly);  and  (iii)  a  good  outer  boundary  condition  (to  prevent  spurious  reflections  from  the 
outside  edges  or  surfaces  of  the  grid,  so  that  a  pure  outgoing  field  is  obtained).  Each  of  these  requirements  (and 
particularly  the  third)  has  attracted  much  attention,  and  the  literature  is  now  vast,  with  new  papers  almost  every  month  in 
such  journals  as  IEEE  Transactions  MTT  and  Microwave  Letters;  but  most  publications  describe  their  authors’  ad  hoc 
inventions  for  particular  problems.  In  contrast,  we  present  a  universal  algorithm,  applicable  to  a  whole  family  of  partial 
differential  equations,  and  already  extensively  tested  in  aerodynamic  applications;  our  methods  of  generating  conforming 
grids  have  been  tested  in  the  same  way  (although  we  do  not  discuss  them  in  detail  here).  Designing  finite-difference 
algorithms  and  grid  generators  is  a  branch  of  numerical  analysis,  which  is  a  complex  and  specialised  mathematical  art,  the 
well-known  book  Numerical  Recipes  [4]  has  done  much  to  popularise  its  techniques,  but  also  gives  many  illustrations  of 
its  hidden  dangers.  We  think,  therefore,  that  by  adapting  well-tested  general  methods  rather  than  inventing  new  special 
ones,  we  have  chosen  the  better  way. 

We  now  begin  to  describe  what  the  Hall-Lytton  method  is. 


THE  HALL-LYTTON  METHOD:  OUTLINE 

The  heart  of  Hall’s  method  for  CFD  is  an  algorithm  for  treating  an  equation  of  the  general  form 

+  ^  +  (1) 

d  \3c  ^  J 

where  U,  F  and  G  are  column  vectors  of  dependent  variables,  which  may  have  functional  equations  (but  not  other 
differential  equations)  relating  them,  and  S  is  a  column  vector  of  source  terms  (which  may  vanish).  (The  equation  is 
written  in  its  original  two-dimensional  form  from  [2];  a  term  (diVdz)  may  be  added  in  three  dimensions.)  The  space 
derivatives  in  this  equation  can  be  used  to  express  a  vector  curl  or  divergence;  so,  since  Maxwell’s  equations  all  take  the 
form  of  a  curl  or  a  divergence  equated  to  a  first-order  time  derivative  (sometimes  added  to  a  source  term),  they  can  all  be 
put  in  the  form  (1). 

This  method,  as  remarked  earlier,  works  directly  with  the  fundamental  first-order  differential  equations  of 
electromagnetics  or  fluid  dynamics.  That  is  to  say,  we  do  not  need  to  use  any  of  the  conventional  transformations  into 
higher-order  equations  satisfied  by  potential  functions  (in  CEM)  or  stream  functions  (in  CFD),  nor  does  it  matter  whether 
such  transformations  would  give  a  scalar  problem  (depending  on  only  one  potential  or  stream  function)  or  a  vector 
problem  (depending  on  two  or  more  such  functions).  The  use  of  first-order  equations  is  generally  agreed  to  give  better 
stability,  and  greater  freedom  from  spurious  solutions  which  finite-differencing  may  create.  It  also  allows  greater 
flexibility;  separating  the  two  principal  electromagnetic  polarisations  is  not  necessary  in  principle,  although  doing  so  may 
still  be  convenient  in  practice.  (In  fact,  we  have  done  so  for  our  two-dimensional  tests,  to  reduce  the  number  of 
independent  variables.)  Moreover,  it  is  much  more  convenient  to  apply  the  interface  boundary  conditions  directly  in  terms 
of  field  components  rattier  than  in  terms  of  potential  functions;  and  this  is  also  true  of  the  constitutive  relations  which 
define  the  permeability,  permittivity  and  conductivity  of  material  media  (which  require  special  treatment  in  time-domain 
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analysis,  unless  the  properties  of  all  the  media  are  independent  of  the  frequency).  These  points  will  be  considered  below 
in  more  detail. 


THE  HALL-LYTTON  METHOD:  DETAILS  OF  THE  ALGORITHM 

We  solve  eqn.(l)  numerically  in  the  following  way  (Hall  [2]);  this  description  is  given  for  one  component  in  the  column 
vectors  U,  F,  G  and  S,  but  the  extension  to  several  components  is  immediate  (likewise  the  extension  if  the  additional  term 
(5H/5z)  is  present). 

Suppose  we  have  calculated  the  values  after  n  time  steps,  and  we  now  wish  to  proceed  to  the  (n+l)-th  step;  then,  by 
Taylor’s  theorem 


(2a) 


to  the  second  order,  where  6U  =  and  6t  =  -  t^"l  On  substituting  into  eqn.(2a)  from  eqn.(l)  and 

interchanging  orders  of  differentiation,  we  get 
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where  the  terms  like  (5F/oU)  and  (5U/5t)  are  in  general  square  matrices  and  column  vectors,  respectively.  Now,  U  is 
defined  at  the  nodes  of  a  grid,  and  the  grid  may  also  be  considered  to  be  made  up  of  cells,  each  cell  being  defined  by  four 
nodes  like  A,  B,  C,  D  (see  the  Figure  page).  We  may  calculate  the  functions  F  and  G  at  the  node  comers  of  a  cell,  and 
then  apply  Gauss’  theorem  to  the  cell,  giving 
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where  n^  and  iiy  are  unit  normal  vectors,  and  their  dot  product  is  taken  with  the  differential  vector  dl.  The  right-hand  side 
of  eqn.(3)  may  be  evaluated  using  the  trapezium  rule;  this  has  second-order  relative  error,  but  we  are  using  it  to  calculate  a 
first-order  correction  in  eqn.(2b),  so  the  absolute  error  is  third-order.  On  dividing  this  right-hand  side  by  the  negative  of 
the  cell’s  area  (defined  by  integrating  (ds),  for  which  also  we  use  the  trapezium  mle),  w'e  have  the  value  of 


ac  4^  J 


(4) 


at  the  centroid  of  the  cell  ABCD  (the  point  1  in  the  Figure);  and  the  first-order  change  in  U,  AU,  is  obtained  by  subtracting 
S  from  this  and  then  multiplying  the  result  by  (5t),  as  is  obvious  from  eqn.(2b).  However,  this  first-order  change  is 
referred  to  the  wrong  place  —  a  cell’s  centroid,  instead  of  a  node  (cell’s  vertex).  We  remove  this  difficulty  by  noting  that 
each  node  is  itself  the  centroid  of  four  cells’  centroids  (thus,  C  is  the  centroid  of  1,  2,  3,  4  in  the  Figure);  so  we  take  AU  at 
C  to  be  the  weighted  mean  of  AU  at  1,2,  3,  4,  with  the  weightings  being  the  areas  of  the  cells  containing  each  of  the  four 
points  1,  2,  3,  4.  This  weighting  was  shown  by  Hall  [2]  to  give  better  stability  when  the  cells  vary  markedly  in  size,  which 
is  likely  to  happen  in  our  electromagnetic  problems;  we  remarked  in  the  “Overview”  on  the  importance  of  a  well- 
conformed  and  well-spaced  grid  when  attemptmg  to  follow  accurately  the  surface  of  an  irregular  scattering  body. 
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To  complete  the  calculation  of  5U  in  eqn.(2b),  we  need  to  determine  the  factor  multiplying  (5t)^.  We  note  first  that  in  this 
factor  we  may  replace  (dU/dt)  by  (AU/6t),  since  we  require  only  first-order  relative  accuracy.  It  is  then  trivial  to  evaluate 
the  second-order  contributions  due  to  S  (involving  (aS/5U)).  To  treat  the  other  two  terms  in  the  square  brackets 
multiplying  (5t)‘,  we  write  them  as 


3c 


(5) 


and  we  calculate  the  expressions  in  brackets  at  the  centroids  of  the  cells  to  first-order  relative  accuracy,  which  is  done  by 
taking  the  mean  of  the  values  at  each  centroid’s  four  neighbouring  nodes;  then  we  again  apply  Gauss’  dieorem  (in  the 
form  of  eqn.(3))  to  a  dual  cell  like  the  one  shown  in  dotted  lines  in  the  Figure  —  defined  by  four  centroids  instead  of  four 
nodes  —  to  obtain  the  second-order  part  of  5U  at  the  node  enclosed  by  the  dual  cell.  When  the  first-order  and  second- 
order  changes  have  thus  been  calculated  for  every  node,  the  values  of  U  at  the  nodes  are  updated;  and  the  (n-!-l)-th  time 
step  is  complete.  (The  size  of  the  time  step  is  governed  by  the  conventional  Courant-Friedrichs-Levy  criterion.) 

A  summary  of  the  process  is  included  in  the  Figiue.  Methods  of  this  kind,  which  make  direct  use  of  Gauss’  theorem,  are 
often  called  “flux-balance”  methods;  the  name  “cell-vertex”  is  also  used  (e.g.  [2])  to  summarise  the  movement  back-and- 
forth  between  the  cells’  centroids  and  their  vertices. 


APPLICATION  TO  MAXWELL’S  EQUATIONS 

In  the  description  just  given,  the  components  of  the  vectors  U,  F,  G  and  S  can  be  taken  as  the  conventional  components  of 
the  three-dimensional  field  vectors  E,  U,  B  2rid  E-  In  the  most  general  case  there  are  eight  scalar  partial  differential 
equations  relating  these  (three  from  each  Maxwellian  curl  equation  and  one  from  each  divergence  equation);  but  whenever 
a  simplification  is  supplied  by  theoretical  considerations  it  can  be  incorporated  into  the  computer  programming,  because 
of  the  generality  of  eqn.(l).  Such  simplifications  naturally  include  the  standard  linear  relations  between  B  and  H  and 
between  D  and  E  (with  the  current  density  1  included,  if  a  conducting  medium  is  present).  These  relations  require  special 
attention  if  the  excitation  covers  a  broad  frequency  band,  because  the  parameters  of  a  medium  with  conductivity  or 
hysteresis  depend  on  the  frequency.  However,  this  problem  has  been  treated  by  Luebbers  et  al.  [5]  in  a  form  which  is 
applicable  to  any  finite-difference  method  which  works  directly  with  field  components,  and  we  are  implementing  a 
version  of  their  treatment.  As  remarked  earlier,  we  have  also  used  in  our  numerical  experiments  the  convenient  fact  that 
in  two  dimensions  the  eight  scalar  Maxwellian  equations  separate  into  two  independent  sets  of  four,  one  for  each 
polarisation  (at  least  when  all  media  are  isotropic;  e.g.  Jones  [6]);  again,  there  is  nothing  about  this  separation  which  is 
special  to  our  method.  There  are  special  features  of  the  grid  and  its  boundaries,  however,  and  we  outline  these  next. 


GRIDS  AND  BOUNDARY  CONDITIONS 

Nothing  in  the  mathematics  which  has  been  presented  so  far  requires  the  edges  of  any  cell  (or  its  walls,  in  three 
dimensions)  to  be  aligned  with  any  particular  direction;  on  the  Figure  page,  we  can  take  the  x-variable  in  eqn.(l)  as 
horizontally-directed  and  the  y-variable  as  vertically-directed,  while  the  grid  is  represented  as  not  even  straight-edged, 
much  less  perpendicular.  Our  algorithm  can  therefore  be  used  with  a  separate  conforming  grid  generator,  since  there  are 
no  built-in  assumptions  about  the  grid  except  the  obvious  implication  that  it  is  sufficiently  fine  to  follow  all  necessary 
detail;  it  need  not  be  everywhere  orthogonal,  for  instance.  The  separate  generator  can  be  one  proven  in  aerodynamic 
applications  using  the  original  form  of  our  program,  since  there  are  no  requirements  fundamentally  different  from  the 
electromagnetic  case;  in  both  cases  we  wish  to  cover  a  surface  or  surfaces  and  to  divide  up  the  volume  around  and 
between  the  surfaces  (although  a  sophisticated  generator  is  not  needed  to  do  this  for  the  simple  bodies  we  have  studied  so 
far).  In  both  cases  also,  the  surface-specific  boundary  conditions  take  the  form  of  tangential  and  normal  conditions  at  the 
surfaces,  and  again  there  is  no  fundamental  difference;  although  when  an  element  of  U  is  to  be  continuous  across  a 
surface,  it  is  convenient  if  the  cells  which  actually  touch  the  surface  are  orthogonal  to  it.  Even  singular  points  or  lines  do 
not  create  any  fundamental  distinctions,  since  both  in  aerodynamics  and  electromagnetics  the  possible  singularities  must 
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satisfy  requirements  of  finite  energy.  In  fact,  the  only  important  difference  between  the  two  cases  is  the  treatment  of  the 
outer  boundary  of  the  grid,  which  is  our  next  topic. 


TREATMENT  OF  THE  OUTER  BOUNDARY 

The  computational  treatment  of  the  outer  boundary  of  a  finite-difference  grid  has  become  a  very  fashionable  subject  since 
Berenger  [7]  described  his  “Perfectly-Matched  Layer”  in  1994,  and  we  intend  to  contribute  to  the  literature  in  due  course. 
We  are  implementing  the  variant  of  Berenger’s  hypothetical  material  which  was  described  by  Sacks  et  al.  [8],  because  the 
“splitting”  of  Maxwell’s  equations  introduced  by  Berenger  is  an  inconvenience  in  applying  our  general  algorithm 
(eqn.{l)),  and  it  also  complicates  the  separation  of  the  polarisations  for  testing  purposes  (which  is  already  complicated 
because  these  materials  are  anisotropic).  Sacks’  type  of  material  is  also  more  convenient  for  constmcting  an  outer 
boundary  without  comers,  which  is  more  natural  for  use  with  an  algorithm  based  on  the  flow  patterns  around  aerofoils. 
We  are  studying  the  theoretical  extension  of  the  Perfectly-Matched  Layer  from  plane  layers  to  cylindrical  and  spherical 
ones,  which  are  the  simplest  forms  without  comers  as  well  as  being  the  logical  choices  when  far-field  radiation  is 
considered. 

There  has  been  some  recent  controversy  about  the  numerical  stability  of  finite-difference  methods  in  the  presence  of  these 
hypothetical  materials  (Nehrbass  et  al  [9],  Gedney  [10]).  We  are  still  considering  this  problem;  but  our  tests  so  far 
indicate  that,  if  our  algorithm  is  unstable  when  Sacks’  material  is  used,  the  instability  is  so  weak  that  it  can  be  suppressed 
by  numerical  “smoothing”.  This  technique  is  commonplace  in  algorithms  for  CFD,  and  it  was  aheady  incorporated  in 
Hall’s  original  work  [2]  before  we  began  our  adaptation  to  CEM;  so  again  we  have  been  able  to  carry  over  a  trusted 
numerical  procedure. 


PROGRESS  AND  PRELIMINARY  RESULTS 

The  work  described  above  is  still  in  progress,  so  we  report  here  only  on  our  early  results.  We  did  not  implement  a 
Perfectly-Matched  boundary  material  at  the  beginning;  so  our  first  numerical  experiments  were  tests  of  the  propagation  of 
a  sinusoidal  pulse  from  the  front  to  the  back  of  simple  scattering  objects,  since  these  tests  could  be  truncated  in  time  so 
that  reflections  firom  the  outer  boundary  would  not  seriously  affect  the  results.  Comparisons  with  theoretical  predictions 
of  the  response  to  an  infinite  sinusoid  gave  veiy  encouraging  agreement,  particularly  since  our  numerical  sinusoid  was 
necessarily  “switched  on”  at  time  zero  and  therefore  had  an  associated  initial  transient.  Since  this  early  work,  we  have 
been  experimenting  with  the  boundary  materials,  and  some  interesting  results  using  these  will  be  reported  at  the 
conference.  Our  plans  for  the  future  include  going  beyond  simple  objects  to  ones  with  edges;  we  believe  that  our 
alsorithm  should  be  well-suited  to  studying  these,  because  in  CFD  it  has  already  demonstrated  the  ability  to  predict 
behaviour  near  the  trailing  edge  of  an  aerofoil. 

As  this  paper  is  already  approaching  the  recommended  maximum  length,  we  present  only  a  sample  of  our  algorithm  s 
behaviour.  Our  graph  shows  a  comparison  between  results  from  two  sizes  of  tw'o-dimensional  grid,  one  with  half  the 
spacing  of  the  other,  and  theoretical  predictions.  These  data  exhibit  the  response  of  an  infinite  circular  lossless  dielectric 
cylinder,  with  relative  permittivity  2.56  and  relative  permeability  1,  to  a  transverse  electric  (TE)  sinusoid  whose  frequency 
is  such  that  the  circumference  of  the  cylinder  is  5  fi'ee-space  wavelengths  (chosen  as  a  resonance  condition).  The 
horizontal  co-ordinate  of  the  graph  is  angle  in  degrees,  measured  around  the  cylinder  from  the  line  of  normal  incidence 
(0°);  the  vertical  co-ordinate  is  amplitude  relative  to  unit  excitation.  The  two  sets  of  grid  results  are  plotted  continuously, 
while  the  predictions  are  plotted  as  individual  points  at  intervals  of  6°  aroimd  the  cylinder. 
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MECHANICS  OF  CELL-VERTEX  METHOD 


Figure 
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•  The  second-order  divergence  term  can  be  written  in  terms  of  first-order 
flux  increments  known  at  cell  centroids  like  1,2, 3, 4.  Apply  Gauss’  Theorem 
again  over  the  dual  cell  1234  ,  of  which  node  C  is  regarded  as 
being  the  centroid,  to  get  approximation  for  second-order  term  at  node  C 


APPLICATION  OF  A  nNITE-VOLUME  TIME-DOMAIN 
TECHNIQUE  TO  THREE-DIMENSIONAL  OBJECTS 


Frederick  G.  Hannon,  Andrew  J.  Terzuoli,  Jr. 

Air  Force  Institute  of  Technology 

Abstract-Concurrent  engineering  approaches  for  the  disciplines  of  computational  fluid  dynamics  (CFD)  and 
electromagnetics  (CEM)  are  necessary  for  designing  future  high-performance  aircraft.  A  characteristic-based  finite-volume 
time-domain  (FVTD)  computational  algorithm  used  by  CFD  and  herein  applied  to  CEM  is  implemented  to  analyze  the 
radar  cross  section  (RCS)  of  two  three-dimensional  objects,  the  ogive  and  cone-sphere,  by  utilizing  a  scattered-field 
formulation  of  the  time-dependent  Maxwell  equations.  The  FVTD  formulation  uses  a  monotone  upstream-centered  scheme 
for  conservation  laws  (MUSCL)  for  the  flux  evaluation  and  a  Runge-Kutta  multi-stage  scheme  for  the  time  integration.  The 
RCS  results  are  obtained  from  the  electromagnetic  fields  via  a  Fourier  transform  and  a  near-to-far  field  transformation. 

The  FVTD  code  and  algorithm  are  evaluated  for  electromagnetic  scattering  problems  by  comparing  FVTD  code  RCS 
results  to  data  obtained  from  a  Moment  Method  (MoM)  code  (CICERO)  and  empirical  RCS  data  published  by  the 
Electromagnetic  Code  Consortium  (EMCC).  The  FVTD  RCS  results  for  the  ogive  and  cone-sphere  are  within  3.0  dB  of  the 
bistatic  MoM  results  and  3.1  dB  of  the  monostatic  empirical  RCS  data.  Accurate  FVTD  computations  of  diffraction, 
traveling  waves,  and  creeping  waves  require  a  surface  grid  point  density  of  15-30  cells/X,  dependent  on  frequency. 


I.  FVTD  Formulation  of  Maxwell  Equations 

The  FVTD  computational  technique  is  capable  of  concurrently  solving  the  Euler  equations  of  fluid  dynamics  and  the 
Maxwell  equations  of  electromagnetics.  CFD  has  used  the  FVTD  technique  since  the  early  1980’ s  [21]  to  analyze  the 
airflow  about  an  aircraft  or  airfoil  and  the  technique  has  recently  been  applied  to  CEM.  Several  engineers,  Blake,  Shang, 
Shankar  [2-3,  7-20]  and  others  are  exploring  and  advancing  the  application  of  the  FVTD  technique  to  the  Maxwell 
equations  of  electromagnetics.  The  FVTD  formulation  and  numerical  procedure  implemented  in  Shang’s  FVTD  code  is 
discussed  and  used  to  obtain  the  RCS  results  for  the  ogive  and  cone-sphere. 

A.  Grid  Generation  of  Finite-Volume  Cells 

To  use  FVTD,  the  physical  space  surrounding  an  object  of  interest  must  be  discretized  into  volumetric  cells.  The  space 
containing  the  finite-volume  cells  is  referred  to  as  the  space  grid  [22].  The  frequency  of  interest  and  the  electrical  length  of 
the  object  determines  the  number  of  cells  in  the  grid. 

For  the  characteristic-based  FVTD  formulation,  a  structured  grid  using  curvilinear  coordinates  is  used  so  the  wave 
propagation  is  aligned  closely  with  one  of  the  coordinate  axes  [10].  The  compatibility  condition  used  for  the  radiation 
boundary  condition  is  exact  if  the  wave  propagation  parallels  a  coordinate  axis.  In  addition,  the  curvilinear  coordinates 
permit  higher  accuracy  in  the  computation  of  the  electric  and  magnetic  scattered  fields. 

B.  Maxwell’s  Equations  in  Conservation  Form 

The  two  time-domain  Maxwell  curl  equations,  in  differential  form,  are  shown  below’  and  will  be  used  in  the 
development  of  the  electromagnetic  FVTD  equations; 

Faraday’s  Law:  V  x  F  =  — ^  (J)  Ampere’s  Law:  V  x  H  +  J  (2) 

ot  dt 

where  E:  Electric  field  strength  vector  (V/m)  B:  Magnetic  flux  density  vector  (Wb/m"  or  T) 

D:  Electric  flux  density  vector  (C/m^)  J:  Electric  current  density  vector  (A/m^) 

H-.  Magnetic  field  strength  vector  (A/m) 

Using  the  constitutive  parameters  to  relate  the  field  strength  vectors  and  the  flux  density  vectors,  wh  m  the  material  is 
linear  and  isotropic,  the  constitutive  relations  are  D  =  eE  and  B  =  pH  where  E  is  the  electric  permittivity  (F/m)  and  p  is  the 
magnetic  permeability  (H/m). 

For  use  in  FVTD,  the  two  Maxwell  equations  are  cast  in  conservation  form  [12].  The  solution  of  Maxwell’s  equations 
do  not  require  the  conservation  form;  however,  the  form  is  required  by  the  Euler  equations  to  conserve  physical  properties 
such  as  energy,  mass,  and  momentum.  The  Maxwell  equations  are  cast  in  conservation  form  solely  to  take  advantage  of  the 
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same  computational  technique  used  to  solve  the  Euler  equations.  To  this  end,  the  curl  operations  are 
constitutive  parameters  are  implemented.  The  result  is  given  by 

dU  ^BF  ^dH  ^  j 
dt  Bx  3y  Bz 


carried  out  and  the 
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Equation  (3)  is  a  system  of  six  linear  equations.  U  is  the  independent  variable  and  the  F,  G,  and  H  flux  vectors  are  the 
dependent  variables.  The  equations  are  not  linearly  independent;  therefore,  a  characteristic-based  technique  is  used  to 
uncouple  the  six  equations. 


C.  Coordinate  Transformation 

To  analyze  the  scattering  of  various  objects,  such  as  the  ogive  and  cone-sphere,  a  curvilinear  coordinate  transformation 
is  required.  A  curvilinear  structured  grid  minimizes  the  errors  introduced  in  the  cell  metrics  and  the  flux  calculations.  The 
variables  T|,  and  ^  are  used  to  convert  the  Cartesian  coordinates  to  curvilinear  coordinates.  After  a  coordinate 
transformation.  Equation  (3)  becomes  [12,  13] 
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and  V  is  the  Jacobian  of  the  coordinate  transformation. 


D.  Finite-Volume  Formulation 

Equation  (4)  is  applied  to  every  finite-volume  cell  in  the  grid.  An  integration  is  performed  over  each  finite-volume 

cell: 

The  divergence  theorem  is  then  applied  to  the  second  integral: 

JJJvf 

where  n:  Unit  vector  normal  to  the  surface  (^,  Ti,  and  ^  for  F,  G,  and  H,  respectively) 

S:  Closed  surface  bounding  the  finite  volume  (m^) 

Equation  (6)  is  the  expression  for  a  generic  FVTD  formulation.  The  unknown  components  of  the  U  vector  are  the 
magnetic  and  electric  flux  densities.  The  vectors  F,  G,  and  H  are  the  flux  vectors  and  can  be  expressed  in  terms  of  the 
magnetic  and  flux  densities.  A  multitude  of  techniques  are  used  to  solve  Equation  (6)  giving  rise  to  the  myriad  of  FVTD 
numerical  algorithms. 


£.  Flux  Evaluation  and  Time  Integration 

The  flux  vectors  in  Equation  (6)  can  be  evaluated  numerically  using  one  of  several  techniques.  The  technique 
implemented  by  Shang  is  an  explicit  characteristic-based  scheme  that  produces  third-order  accuracy.  The  van  Leer’s  kappa 
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scheme  calculates  the  flux  on  a  surface  of  a  cell  by  extrapolating  data  from  adjacent  ceil  centers  {10].  The  scheme  is 
referred  to  as  a  Monotone  Upstream-Centered  Scheme  for  Conservation  Laws  (MUSCL)  and  is  a  windward  approach  that 
considers  the  direction  of  wave  propagation.  A  flux-vector  splitting  algorithm  developed  by  Steger  and  Warming  [21]  is 
used  to  calculate  the  fluxes  from  the  independent  variable  V  calculated  at  the  cell  faces.  The  incoming  and  outgoing 
electromagnetic  waves  are  split  based  on  the  positive  and  negative  sign  of  the  eigenvalue,  hence,  the  name  split-flux 
vectors. 

Equation  (6),  in  the  temporal  or  time-stepping  domain,  can  be  solved  using  several  techniques,  just  as  in  the  spatial 
domain.  Shang  uses  a  Runge-Kutta  family  of  single-step  multi-stage  procedures  [13]  which  gives  varying  degrees  of 
accuracy.  For  example,  with  van  Leer’s  kappa  scheme  for  the  flux  evaluation,  Shang  uses  a  four-stage  Runge-Kutta  method 
that  produces  fourth-order  accuracy  [10]. 

F.  Boundary  Conditions 

Shang  uses  a  first-order  accurate  radiation  boundary  condition  [7-16]  in  which  the  incoming  flux  component  is  set  to 
zero  at  the  boundary.  For  the  compatibility  condition,  the  fields  uaveling  perpendicular  to  the  boundary  are  not  reflected. 
For  example,  in  the  case  of  the  propagation  of  a  wave  from  a  dipole,  the  BC  is  exact  since  the  wave  travels  along  the  radial 
coordinate  direction.  However,  numerical  errors  can  result  if  the  wave  is  not  traveling  perpendicular  to  th’,  boundary.  The 
coordinate  transformation  discussed  previously  increases  the  component  of  the  wave  traveling  perpendicular  to  the  outer 
boundary  [12]. 

A  surface  boundary  condition  is  implemented  on  the  surface  of  PEC  scatterers.  The  boundary  condition  sets  the 
tangential  electric  field  equal  to  zero  and  the  normal  component  of  the  magnetic  flux  density  equal  to  zero  [2-3,8]. 

G.  Green’s-Function-Based  Near-to-Far  Field  Transformation 

The  spatial  and  time  integration  of  Equation  (6)  gives  time-domain  results  in  the  near-field  whereas  the  RCS  is  a  far- 
field  calculation.  Green’s-function-based  transformations  allow  the  scattered  fields  in  the  far-field  to  be  easily  calculated 
from  the  near-field  results  subsequent  to  a  Fourier  transform  [22]. 

The  far-field  results  are  obtained  by  creating  a  virtual  surface  around  the  object.  An  imaginary  surface  in  the  FVTD 
grid  space  can  serve  as  a  virtual  surface.  The  surface  equivalence  theorem  is  applied  to  the  surface  to  obtain  the  equivalent 
time-harmonic  electric  and  magnetic  currents  and  charges.  The  currents  and  charges  on  the  virtual  surface  are  then 
weighted  by  a  free-space  Green’s  function  to  obtain  the  far-field  £  and  /f  fields  [22].  The  far-field  is  easily  calculated  from 
the  far-field  scattered  E  and  H  fields. 

n.  Electromagnetic  Scattering  Results 

The  RCS  using  the  fourth-order  accurate  characteristic-based  FVTD  algorithm,  implemented  by  Shang  [7-16],  for  the 
ogive  and  cone-sphere  test  bodies  are  discussed  [24].  Bistatic  and  monostatic  RCS  are  presented  for  each  perfect  electric 
conducting  (PEC)  test  body  and  compared  to  MoM  and  empirical  data  to  evaluate  the  FVTD  algorithm  and  code  for  CEM. 

To  analyze  the  scattering  from  the 
ogive,  a  grid  convergent  study  was 
performed  to  obtain  the  optimum  grid  point 
density  (GPD)  for  each  coordinate 
direction  (r,e,<t)).  The  radial  direction  is 
approximately  orthogonal  to  the  surface 
and  the  theta  and  phi  directions  correspond 
to  the  surface  of  the  object.  The  grid  for 
the  cone-sphere  was  generated  using  the 
optimal  GPDs.  The  RCS  results  for  the 
cone-sphere  confirm  the  grid  requirements 
obtained  for  the  ogive  and  validate  the 
FVTD  algorithm  for  another  PEC  test 
body. 


A.  Ogive  Electromagnetic  Scattering 
Results 

Three  ogive  tests,  including  several 
subtests,  are  labeled  with  a  character 


Figure  1:  Ogive  Bistatic  RCS,  1.18  GHz,  HH,  Fine  (71-125-55)  vj.  Coarse 
(71-43-25)  Grid 
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designator.  “OG”  in  the  test  designator  refers 
to  a  test  for  the  ogive,  and  the  number  in  the 
test  designator  refers  to  the  test  number.  The 
last  letter  in  each  test  designator  refers  to  the 
subtest.  The  subtests  are  groups  of  tests  that 
use  a  specific  frequency  or  grid  size.  A 
designator  such  as  OG3X  refers  to  the  entire 
group  of  subtests. 

The  RCS  for  the  ogive  for  each  test  are 
compared  to  MoM  RCS  results  and 
experimental  data  for  either  W  (transmit 
vertical,  receive  vertical)  or  HH  (transmit 
horizontal,  receive  horizontal)  polarization. 
The  first  ogive  tests,  OGIX,  use  a  sinusoid 
incident  wave  at  1.18  GHz.  Tests  OG3X  are 
monostatic  calculations  at  1.18  GHz.  The 
bistatic  RCS  for  the  ogive  at  9.0  GHz  is  test 
OG4a.  For  all  of  the  bistatic  tests,  the  angle 
of  incidence  is  tip-on  at  0°. 

The  bistatic  RCS  is  calculated  for  the  ogive  at  1.18  GHz  using  a  sinusoid  incident  wave.  The  ogive  is  one  wavelength 
long  at  this  frequency.  The  HH  polarization  RCS  is  shown  in  Figure  1  and  compares  the  RCS  for  the  coarse  grid  (OGle)  to 
the^fine  grid  (OGld).  The  fine  grid  has  a  surface  grid  point  density  of  80-1 16  cellsA,  and  the  coarse  grid  has  a  grid  point 
density  of  22-32  cells/1.  The  FVTD  results  are  within  3.0  dB  of  the  MoM  data  for  the  coarse  grid  and  for  the  fine  grid  are 

within  2.0  dB  of  the  MoM.  .  ,  -rn.  i  c 

The  frequency  data  for  tests  OGld  and  OGle  were  taken  from  the  fourth  to  the  fifth  periods.  These  tests  reveal  that  for 
1  18  GHz  the  transients  introduced  with  the  sinusoid  incident  wave  require  at  least  four  penods  to  dimmish  before 
frequency  data  can  be  taken  for  the  RCS  calculations.  Taflove  [22]  recommends  that  at  least  four  times  the  electrical  length 
(in  periods)  is  required.  The  ogive  results  show  that  this  approximation  is  appropriate  for  this  frequency;  however,  fewer 
periods  are  used  for  higher  frequencies  to  obtain  accurate  data. 

In  addition  to  bistatic  RCS,  the  FVTD  code  can  also  obtain  monostatic  data.  Multiple  simulations  must  be  completed 
to  obtain  monostatic  data  for  one  frequency  as  compared  to  one  test  for  bistatic  data.  One  simulation  produces  a  bistatic 
plot  for  0“  to  180°.  The  simulation  produces  a  monostatic  result  for  only  the  angle  of  incidence.  To  obtain  a  full 
monostatic  sweep,  a  bistatic-to-monostatic  approximation  is  used.  The  approximation  requires  tests  to  be  completed  every 
10°  and  bistatic  data  completes  the  monostatic  approximation  [6].  Tests  OG3X  are  monostatic  calculations  for  the  ogive  at 
1.18  GHz.  A  test  was  completed  for  an  angle  of  incidence  every  10°  from  0°  to  90°.  The  ogive  is  symmetric  about  the  xy 
plane  resulting  in  a  symmetric  monostatic  plot  about 
0=90°. 

The  monostatic  approximation  for  HH 
polarization  is  plotted  in  Figure  2.  The  HH 
monostatic  test  used  a  moderate  grid  size  of  (71-74- 
45)  and  frequency  data  was  taken  from  the  fifth  to 
the  seventh  period.  The  FVTD  RCS  is  plotted 
against  MoM  results  and  empirical  data.  As  can  be 
seen  in  the  plot,  the  MoM  and  FVTD  results  are 
almost  identical  and  differ  from  the  empirical  data 
by  nearly  the  same  value.  FVTD  results  differ  from 
the  MoM  by  no  more  than  2.5  dB.  If  the  large 
fluctuations  are  ignored  in  the  empirical  data,  the 
FVTD  results  are  within  3.1  dB  of  the  empirical 
data. 

Further  analysis  is  completed  for  the  ogive 
using  FVTD  by  running  a  test,  OG4a,  for  the  ogive 
at  9.0  GHz.  The  ogive  is  approximately  7.6 
wavelengths  long  at  this  frequency.  The  grid  size 
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Figure  2:  Ogive  Monostatic  RCS,  1.18  GHz,  HH 
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required  for  this  frequency  is  much  larger  (61-125- 
95).  The  FVTD  results  for  9.0  GHz,  VV,  are  shown 
in  Figure  3.  The  FVTD  results  are  plotted  against 
MoM  RCS  data.  The  results  are  excellent  except 
there  are  small  discrepancies  in  the  backscatter  and 
forward  scattering  regions.  The  surface  grid  point 
densities  (GPD)  for  these  tests  are  smaller  than  for 
1.18  GHz.  The  grid  point  densities  in  the  theta  and 
phi  directions  are  15.2  cells/X  and  18.8  cellsA., 
respectively.  The  results  for  the  ogive  at  1.18  GHz 
showed  that  a  GPD  of  at  least  22-32  cells/X  gives  the 
best  data.  These  results  depict  the  dependence  of 
the  required  GPD  on  the  electrical  size  of  the  object. 

The  GPD  can  be  15-20  cellsA.  if  the  electrical  length 
of  the  object  increases. 

The  9.0  GHz  results  for  the  ogive  illustrate  the 
dependence  of  the  length  of  simulation  time  (in 
periods)  to  the  length  of  the  object.  At  1.18  GHz, 
the  test  had  to  be  at  least  four  times  (in  periods)  the 
length  of  the  object.  The  same  factor  would  require 
a  simulation  time  of  30  periods  for  9.0  GHz.  This  is  not  required  because,  at  9.0  GHz,  the  ogive  is  m  the  optical  region. 
At  9.0  GHz,  the  diffraction  and  the  traveling  waves  can  be  considered  to  be  more  of  a  local  phenomena  than  for  1.18  GHz. 
This  reduces  the  simulation  time  for  the  test  to  approximately  three  times  the  length  of  the  object  (in  periods)  instead  of 
four. 
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Figure  4:  Cone-Sphere  Bistatic  RCS,  0.869  GHz,  VV,  Tip-On 
Incidence 


B.  Cone-Sphere  Electromagnetic  Scattering  Results 

The  RCS  calculations  for  the  cone-sphere  provide  further  validation  of  the  FVTD  code  and  algorithm.  The  cone- 
sphere  is  a  common  RCS  test  body  but  the  narrow  cone  portion  and  the  sphere  cap  provide  a  unique  body  for  analysis.  At 
lower  frequencies,  the  scattering  from  the  cone-sphere  can  be  modeled  as  traveling  waves  along  the  narrow  cone,  creeping 
waves  around  the  sphere  cap,  and  diffraction  from  the  tip.  Three  tests  were  completed  which  include  several  subtests  with 
designators  “CS”  instead  of  “OG”  to  refer  to  the  cone-sphere. 

The  electromagnetic  scattering  via  FVTD  are  compared  to  MoM  RCS  results  and  experimental  data  for  W  and  HH 
polarization.  The  cone-sphere  is  two  wavelengths  long  at  0.869  GHz.  An  incident  angle  of  0°  corresponds  to  incidence  on 
the  cone-sphere  along  the  axis  of  symmetry  directly  onto  the  sphere-cap.  Tests  CS2X  are  bistatic  tests  at  0.869  GHz  with  a 


sinusoid  incident  wave  at  180®  (tip- 
on  incidence).  Tests  CS3X  are  tests 
for  the  monostatic  calculations  at 
0.869  GHz.  The  monostatic  RCS  is 
computed  every  10°  from  0°  to 
180°,  and  bistatic  data  completes  the 
monostatic  plot.  CS5a  is  a  bistatic 
simulation  for  the  cone-sphere  at  3.0 
GHz  using  a  sinusoid  incident  wave 
at  tip-on  incidence  (0=180). 

FVTD  RCS  data  for  tip-on 
incidence  were  obtained  in  test 
OG2X.  The  incident  wave 
propagates  toward  the  cone-sphere 
from  180°.  The  accuracy  of  the 
bistatic  RCS  depends  on  the  correct 
calculation  of  creeping  waves, 
traveling  waves,  and  tip  diffraction. 
The  W  polarization  case  is  shown 
in  Figure  4.  The  finer  grid,  CS2b, 
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produces  much  better  results  than  the  grid 
with  the  coarser  spacing  (CS2a)  in  the 
radial  direction.  The  forward  scatter 
results  (6=0°)  are  only  accurate  if  the  fine 
grid  is  used  (CS2b). 

The  monostatic  RCS  data  for  the  cone- 
sphere,  HH  polarization,  is  plotted  in 
Figure  5.  The  FVTD  and  MoM  RCS 
match  each  other  much  closer  than  they 
match  the  empirical  data.  Volakis  [24] 
states  that  errors  exist  in  the  experimental 
data,  especially  in  the  forward  sector  (120°- 
180°).  The  MoM  and  FVTD  results  are 
almost  identical  for  every  location  except 
for  several  of  the  bistatic-to-monostatic 
approximation  junctions.  The  agreement 
between  the  techniques  suggest  that  the 
empirical  data  is  not  correct  from  120°- 
180°. 
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Figure  6:  Cone-Sphere  Bistatic  RCS,  3.0  GHz,  VV,  Tip-On  Incidence 


The  bistatic  RCS  for  the  cone-sphere 

at  3.0  GHz  is  presented.  Test  CS5a  is  the  tip-on  incidence  test.  The  length  of  the  cone-sphere  is  6.9  wavelengths  at  this 
specific  frequency.  The  cone-sphere  at  this  frequency  is  in  the  optical  region,  just  as  the  ogive  was  for  9.0  GHz.  The 
electromagnetic  phenomena,  such  as  diffraction,  creeping  waves,  and  traveling  waves,  are  local  and  the  test  time  (in 


jieriods)  is  not  as  long  as  for  lower  frequencies. 

Figure  6  is  the  W  polarization  RCS  for  tip-on  incidence  (CS5a).  The  FVTD  results  are  almost  identical  to  the  MoM 
RCS  r^ults.  The  FVTD  RCS  data  for  the  forward  scatter  region,  from  the  sphere-cap  (0=0°),  differs  by  1.0  dB  from  the 
MoM  data.  The  FVTD  data  for  the  backscatter  region  (6=180°)  from  the  tip  differs  by  1.2  dB  from  the  MoM  RCS  results. 


As  seen  with  the  ogive,  errors  in  the  FVTD  RCS  calculations  first  occur  at  the  tips. 


in.  Conclusions 

The  electromagnetic  scattering  and  RCS  results  for  the  ogive  and  cone-sphere  test  bodies  were  presented.  Bistauc  and 
monostatic  RCS  results  were  compared  to  MoM  and  empirical  RCS  results. 

The  FVTD  RCS  for  the  ogive  is  excellent  compared  to  MoM  and  empirical  data.  Several  bistatic  and  monostatic  tests 
at  various  frequencies  showed  that  a  grid  point  density  (GPD)  on  the  surface  of  approximately  22-32  cells/X  produced  the 
best  results  for  lower  frequencies  (1.18  GHz)  and  could  be  reduced  to  15.2-18.8  cells/>.  for  larger  frequencies  (9.0  GHz). 
Shankar  [17]  reports  a  GPD  requirement  of  30-50  cel!s/X  for  objects  with  edges  or  tips,  like  the  ogive,  for  his  second-order 
accurate  algorithm.  The  lower  GPD  requirement  for  Shang’s  fourth-order  accurate  FVTD  code  is  consistent  with  the  order 
of  accuracy  of  the  algorithms.  As  the  GPD  decreases,  the  errors  in  the  RCS  occur  first  in  the  backscatter  and  forward 
scatter  direction  as  would  be  expected  because  of  the  diffraction  at  the  tips  of  the  ogive.  As  the  electrical  size  of  the  object 
increases,  traveling  waves  and  diffraction  contribute  less  to  the  RCS.  These  phenomena  become  local  and  the  grid  point 
density  does  not  have  to  be  as  large  to  accurately  compute  the  propagation  of  the  wave.  The  bistatic  tests  for  1.18  GHz 
differ^  from  the  MoM  results  by  no  more  than  3.0  dB.  The  FVTD  calculations  for  the  monostatic  tests  were  compared  to 
empirical  results  in  addition  to  MoM  results.  The  FVTD  results  are  within  2.5  dB  of  the  MoM  moncstatic  values  and 
within  3. 1  dB  of  the  empirical  results. 

The  bistatic  and  monostatic  cone-sphere  results  confirm  the  accuracy  and  grid  requirements  for  the  ogive.  For  0.869 
GHz,  the  surface  grid  spacing  required  is  22-26  cells/A..  The  results  differed  by  no  more  than  1.6  dB  from  the  MoM  results 
and  0.5  dB  from  the  empirical  results.  The  bistatic  RCS  for  3.0  GHz  differed  by  no  more  than  2.1  dB  from  the  MoM 
results.  Accurate  results  required  a  surface  grid  spacing  of  14-26  cells/X  to  accurately  consider  diffraction  and  traveling 
waves.  These  grid  point  density  requirements  confirm  the  ogive  conclusion  that  a  lower  grid  point  density  is  needed  for 
electrically  larger  objects  since  diffraction  and  traveling  waves  contribute  less  to  the  RCS. 

The  electromagnetic  phenomena  which  occurs  from  the  surfaces  of  an  ogive  and  cone-sphere  are  challenging  for  many 
computational  codes.  The  smooth  curved  surfaces,  tips,  and  diffraction  points  are  surface  characteristics  which  can  pose 
difficulties  for  accurately  computing  scattering  results.  Based  on  the  FVTD  results  for  the  ogive  and  cone-sphere,  the 
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electrical  size  of  the  object  is  critical  when  determining  grid  size  and  spacing.  For  a  small  object,  1-2X,  the  grid  spacing 
must  be  22-25  cells/X  on  the  surface.  For  an  object  which  is  electrically  larger  (7X-8X),  the  surface  grid  spacing  may  be 
reduced  to  15-19  cells.  These  findings  are  critical  for  the  expansion  of  the  code  to  studying  electrically  larger  objects  such 
as  airfoils  and  aircraft  shaped  bodies.  A  grid  must  be  generated  which  will  incorporate  these  features  for  a  particular 
frequency. 
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COMPARISON  OF  EQUATIONS  FOR  THE  FDTD  SOLUTION 
IN  ANISOTROPIC  AND  DISPERSIVE  MEDIA  * 

G.  J.  Burke  and  D.  J.  Steich 
Lawrence  Livermore  National  Laboratory 
P.O.  Box  5504,  L-156,  Livermore,  CA  94550 


I.  Introduction 

The  finite-difference  time-domain  (FDTD)  solution  procedure  developed  by  Yee  [1],  has  in 
recent  years  been  extended  to  dispersive  and  anisotropic  media  to  handle  materials  such  as  mag¬ 
netized  ferrites  and  plasmas.  The  solution  for  dispersive  media  has  been  accomplished  through 
a  recursive  update  of  a  convolution  integral  in  the  constitutive  relations  for  the  fields  [2],  [3],  [4], 
[5],  by  numerical  solution  of  the  differential  equation  form  of  the  constitutive  relations  [6],  [7]  and 
using  Z  transforms  [8].  The  extension  of  the  recursive  convolution  (RC)  method  to  gyrotropic 
materials,  which  axe  both  dispersive  and  anisotropic,  was  developed  in  [9]  and  [10]  where  it  was 
applied  to  ID  problems.  The  anisotropic  media  results  in  coupling  of  field  components  and  the 
need  for  averaging  to  obtain  field  components  at  locations  where  they  are  not  directly  available 
in  the  Yee  formulation.  The  RC  solution  for  gyrotropic  media  is  reviewed  in  [4],  and  results  vali¬ 
dating  the  method  are  also  given.  The  solution  was  developed  for  3D  Gyrotropic  materials  in  [11] 
for  a  ferrite  \rith  biasing  field  in  an  arbitrary  direction,  and  the  issue  of  minimizing  the  storage 
added  by  the  recursive  convolution  evaluation  was  also  considered  there.  A  piecewise  linear  RC 
method  has  also  been  developed  that  is  more  accurate  than  the  pulse  approximation  considered 
here  [12]. 

In  published  work  on  dispemive  material  there  are  some  differences  in  the  equations  resulting 
from  application  of  the  RC  method.  The  time  derivative  of  the  convolution  integral  can  involve  the 
derivative  of  the  field,  or  integrating  by  parts  can  put  the  derivative  on  the  susceptibility  function. 
Reduction  of  these  two  results  to  discrete  form  leads  to  slightly  different  update  equations.  Also, 
the  choice  of  the  evaluation  time  and  integration  limit  of  the  convolution  integral  can  lead  to 
differences  in  the  discrete  update  equation.  These  different  forms  of  the  solution  are  compared 
here  for  accuracy  and  stability  for  time  increments  approaching  the  Courant  limit.  It  is  found  that 
slightly  greater  accuracy  and  greater  stability  are  obtained  with  the  convolution  evaluated  at  the 
time  of  the  equation,  a  half  step  before  the  field  being  evaluated,  using  a  pulse  approximation  of 
the  integral  ending  in  a  half  pulse.  Modifications  of  this  result  lead  to  somewhat  simpler  but  less 
stable  equations.  In  the  case  that  the  susceptibility  function  starts  at  zero  for  time  equal  to  zero 
the  equations  for  anisotropic  and  dispersive  material  simplify  greatly,  requiring  only  the  addition 
of  the  RC  term  to  the  normal  FDTD  equations,  without  further  coupling  of  the  field  components. 
While  3D  solutions  are  considered  here,  the  accuracy  and  stability  are  demonstrated  for  the  ID 
problem  of  normal  incidence  on  a  slab  of  ferrite  or  plasma  with  biasing  field  in  the  direction  of 
propagation,  since  simple  analytic  solutions  are  available  for  this  problem. 


*  Work  performed  under  the  auspices  of  the  U.  S.  Department  of  Energy  by  the  Lawrence  Livermore 
National  Laboratory  under  Contract  W-7405-Eng-48. 
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II.  Equations  for  Gyrotropic  Media 


The  solution  for  anisotropic  and  dispersive  magnetic  material  will  be  considered  here.  The 
magnetic  field  update  equation  for  such  material  is  obtained  by  combining  the  Maxwell’s  equation 


dB 

dt 


-Vx  E 


(1) 


and  the  equation  relating  B  and  H  in  convolution  form 

B(t)  =  ;io[H(*)  +  jr'x„(t-T)-H(r)drj  ■  (2) 

where  is  the  susceptibility  tensor  representing  the  impulse  response  of  the  material.  In  the 
usual  convention,  equation  (1)  is  solved  together  with  the  equation  edB/dt  =  V  x  H  with  E 
evaluated  at  integral  time  steps  nAt,  and  H  and  B  evaluated  at  half  time  steps  (n+  l/2)Ai.  The 
time  derivatives  in  Maxwell’s  equations  are  approximated  with  central  differences  so  that  E  and 
H  can  be  computed  in  a  leap-frog  scheme  in  time. 


Equation  (2)  can  be  reduced  to  discrete  form  by  assuming  that  H(t)  is  constant  with  value 
Hri+i/2  fQj.  <t  <{n  +  l)At  with  the  result 


Tt  +  l/2 


r  n-1 

Bn+1/2  un+1/2  +  ^  /  Xm  [(^  +  ^)At  -  t]  dr  -  H 

/‘{n+l/2)At  -] 

+  f  j„[(n  +  |)At-r]dr.ir+'/H 

JnAt  J 

P  n-1  f.{n~i+l/2)At  Aai 

=M0  +  y]f  Mr')  dr'  ■  +  /  Mr’)  dr'  ■ 

L  S  J{n-i-lf2)At  Jo 

If  the  integrals  over  XmC'^O  also  approximated  by  sums  of  pulses  the  result  for  is 


Bn+l/2  _ 


MO 


(I  +  ^ Af  MO))  ■  +  At  [{n  -  i)At]  • 

i=0 


With  a  similar  representation  for  the  central  difference  approximation  of  dB{t)/dt  in 

equation  (1)  leads  to  the  update  equation 


where 


HX+V2  =  ^1+  ^5„(0)| I  [l -  yj„(0)]  •  -  Ai?-"  -  X  E"} 

*"  =  E  -  Sm[(n  -  *  -  l)Atl]  •  ir+V2. 

i=0 


(3) 


(4) 


In  the  recursive  convolution  solution  the  elements  of  the  susceptibility  tensor  are  sums  of  ex¬ 
ponentials,  Xij  =  which  case  in  (4)  can  be  updated  by  a  simple  recursion 

relation 

^n+l  ^  ^beAt^n  ^  ^^bfAt  _  i)  .  l^n+1/2^  ^0  _  q  (5) 
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and  9’"+!  = 

A  result  differing  somewhat  from  equation  (3)  can  be  obtained  by  evaluating  the  derivative 
of  equation  (2)  as 

|B(t)  =  M  [|H(f)  +  m  ■  H(0)  +  I'  X(r)  •  f  H{t  -  r)  dr]  (6) 

or,  integrating  by  parts,  as 

|B(t)  =  M  [  jH{t)  +  S(0) .  H(t)  +  |5(t  -  r)  •  H(r)  dr]  .  (7) 

Converting  equation  (6)  to  discrete  form  with  a  pulse  approximation  of  the  integral  leads  to  a 
result  close  to  that  of  equation  (3).  Starting  with  equation  (7)  and  representing  dB.{t)/dt  with  a 
central  difference  and  x(0)-H(nAt)  with  an  average  of  H  from  times  (n-  l/2)At  and  (n  +  l/2)At 
leads  to  an  equation  similar  to  (3),  but  with  '5'"  replaced  by  At  where  the  prime  indicates  a 
derivative  and 

i=0 

Somewhat  different  results  can  also  be  obtained  for  equation  (3)  from  different  interpretations 
of  the  pulse  approximation  of  the  integral,  or  in  the  equation  derived  from  equation  (7)  by  using 
the  value  at  the  forward  or  back  time  step  rather  than  the  average  for  H(nAt).  In  fact,  adding 
the  same  small  quantity  to  both  square-bracketed  terms  in  (3)  results  in  a  second-order  change 
in  the  product  multiplying  and  relatively  small  changes  in  the  solution.  Hence  equation 

(3)  can  be  reduced  to 

=  [i  +  Atf„(0)]  ^ V  X  E" j  (8) 

by  adding  (At/2)x{0)  to  both  coefficients,  or  by  subtracting  the  same  quantity 

H-+1/2  =  p  _  Ats„(0)]  •  ,,  E".  (9) 

These  modifications  of  equation  (3)  result  in  small  errors  when  the  elements  of  Atx(O)  have 
magnitudes  much  less  than  one,  as  demonstrated  in  the  next  section,  but  the  solutions  show 
increased  late-time  instability  when  At  is  near  the  Courant  limit.  Equation  (9)  seems  to  be  a 
nicer  form  for  solving,  but  it  still  mixes  values  of  in  averaging  for  field  components  in  the 

product  with  the  tensor.  The  evaluation  of  a  single  vector  component  of  the  product  of  a  tensor 
and  V  X  E  involves  36  field  components  in  the  Yee  cell,  but  this  can  be  reduced  to  20  components 
by  combining  and  canceling  terms. 

When  x(0)  =  0,  which  occurs  in  materials  such  as  Lorentz  dielectrics,  equations  (3),  (8)  and 
(9)  all  reduce  to  the  simpler  and  easier  to  use  form 

jjn+l/2  ^  jjn-1/2  _  ^  jjtz  (IQ) 


384 


The  above  discussion  has  assumed  total  fields.  The  generalization  of  equation  (3)  for  separate 
incident  and  scattered  fields  is 

hj«/2  ^  “!  j  [i  -  ;^s„(0)] .  Hr -  A*3-" 

-  At-^  f  5„(t)  -  Hilt  -  t)  dr  -  x  E"| 
at  Jo  t=nAt  J 

where  Hi  is  the  incident  field,  which  satisfies  Maxwell’s  equations  for  free  space  everywhere  m 
the  problem  space,  and 

-  Xm[(^  -  i  -  1)^^]]  • 

i=0 

The  convolution  integral  with  Hi  can  be  evaluated  analytically  for  some  special  incident  field 
functions  [5],  or  otherwise  is  evaluated  numerically  along  with  the  scattered  field. 

III.  Results 

The  FDTD  solution  for  gyrotropic  media  was  validated  for  a  plane  wave  normally  incident 
on  a  ferrite  slab  with  the  biasing  magnetic  field  in  the  direction  of  propagation,  along  the  z  axis. 
This  problem  was  also  solved  in  [4]  and  [9],  and  is  chosen  because  the  reflection  and  transmission 
coefficients  for  the  slab  are  available  in  simple  analytic  form.  In  this  case  a  3D  code  w^  ^tten, 
using  the  equations  from  the  preceding  section.  Codes  solving  equations  (3),  (8)  and  (9)  were 
compared  for  accuracy  and  stability  with  time  increments  approaching  the  Courant  Imut.  Since 
a  plane  wave  propagating  through  the  ferrite  in  the  direction  of  the  biasing  field  splits  into  right- 
hand  and  left-hand  circularly  polarized  waves  with  different  propagation  constants,  the  problem 
space  was  terminated  in  even-symmetry  boundary  conditions  in  both  x  and  y  boundary  planes. 
In  the  direction  of  propagation  z  the  problem  space  was  made  large  enough  to  gate  out  reflections, 
thus  eliminating  the  boundary^  conditions  as  a  source  of  error. 

The  components  of  the  susceptibility  tensor  x(0  for  the  ferrite  are 
Xll(t)  =  X22{t)  =  Rfi  [^] } 

Xi2(t)  =  -X2iW  =  Re|^expj^^ 

where  C/(t)  is  the  unit  step  function.  The  parameters  of  the  ferrite  modeled  here  were 

a;o  =(27r)  •  20  x  10^  rad/s 
ojm  =(277)  •  10  X  10®  rad/s 
a  =0.1 

Results  from  solving  equation  (3)  for  this  ferrite  with  Ax  =  75(10“®)  m  and  At  =  Ax/ (2c^/^) 
with  6000  time  steps  are  shown  in  Figure  1.  The  source  was  a  Gaussian-pulse  plane  wave  with 
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full- width-half-max  equal  to  0.001  m.  Since  the  solution  is  uniform  in  the  x  and  y  directions 
the  problem  was  solved  with  3  cells  in  x  and  y  and  4000  cells  in  z  to  eliminate  the  radiating 
boundaries,  and  the  ferrite  filled  50  cells  {k  =  2000  through  2049)  for  a  thickness  of  0.00375 
m.  The  reflection  and  transmission  coefficients  were  obtained  by  numerical  deconvolution  of  the 
reflected  fields,  with  right  and  left-hand  circular  polarizations  obtained  as 

i?rcp(w)  =  "b  j^{^) 


and 

Rlcpiu)  =  Rxiuj)  -  jRy{^)- 

In  Figure  1  the  magnitudes  of  the  numerically  determined  reflection  and  transmission  coefficients 
for  left-hand  polarization  are  compared  with  the  exact  results,  and  the  relative  errors  in  the 
complex  quantities  are  also  shown.  The  error  increases  with  frequency  due  mainly  to  dispersion 
in  the  FDTD  mesh.  Although  these  results  were  obtained  with  a  3D  code  for  which  the  Courant 
limit  is  At  <  Ax/c-y/S  the  problem  is  actually  ID.  As  a  result  At  can  be  extended  to  the  ID 
Courant  limit  of  Ax/c,  and  the  resulting  dispersion  errors  in  solving  equation  (3)  are  reduced  by 
one  to  two  orders  of  magnitude  above  about  200  GHz. 

The  errors  from  solving  the  simpler  equations  (8)  and  (9)  axe  compared  with  the  errors  from 
equation  (3)  in  Figure  2  for  At  =  Ax/2c\/3  ,  Below  about  100  GHz  equations  (8)  and  (9)  yield 
slightly  higher  error  than  (3).  Above  100  GHz  the  results  of  equation  (8)  have  slightly  lower 
error  than  (3)  for  reflected  field  while  all  errors  become  the  same  for  transmitted  field.  Solving 
equations  (8)  or  (9)  at  the  Courant  limit  of  At  =  Ax/c  resulted  in  a  rapid  blowup  in  the  ferrite, 
as  shown  in  Figure  3.  Equation  (3)  also  became  unstable  at  late  time  with  At  =  Ax/ c,  but  the 
instability  did  not  become  significant  until  after  about  4000  time  steps,  w'hich  was  late  enough 
to  get  useful  results.  The  fields  plotted  in  Figure  3  were  at  60  cells  in  front  of  the  ferrite  slab. 
When  the  solution  of  equation  (8)  was  stopped  at  t  =  0.15  ns  the  field  in  the  ferrite  was  over 
10^^.  With  At  =  Ax/cVS  equation  (8)  still  showed  an  instability  at  a  reduced  rate,  as  shovm  in 
Figure  4.  No  significant  instability  was  seen  in  equation  (3)  at  this  At.  Equation  (9)  showed  a 
stability  close  to  that  of  equation  (8).  The  equation  derived  with  using  equation  (7),  w^hich  was 
used  in  [13],  yielded  about  a  factor  of  two  low^er  error  than  equation  (3)  below  50  GHz  and  the 
errors  were  identical  at  higher  frequencies.  Stability  of  this  equation  was  also  similar  to  (3). 

rV.  Conclusion 

The  recursive-convolution  solution  for  anisotropic  and  dispersive  media  was  seen  to  yield 
accurate  results  for  reflection  from  ferrite  slabs  up  to  a  frequency  limit  set  by  the  sampling 
interval.  Depending  on  the  application,  the  results  shown  might  be  considered  usable  up  to  about 
300  GHz,  which  corresponds  to  about  13  cells  per  wavelength.  Results  at  still  higher  frequencies 
might  be  usable  when  a  time  delay  or  frequency  shift  due  to  dispersion  can  be  tolerated. 

Several  different  forms  of  the  update  equations  were  considered  which  can  result  from  different 
approximations  in  reducing  the  continuous  equations  to  discrete  form.  Equation  (3)  and  the 
alternate  form  derived  with  equation  (7),  and  used  in  [13],  result  from  direct  application  of 
the  pulse  approximations  of  the  fields  and  susceptibilities,  and  differ  only  in  the  way  that  the 
time  derivative  of  the  convolution  integral  is  approximated.  Equations  (8)  and  (9)  are  similar 
to  equation  (3)  with  the  limit  of  the  convolution  inteiVal  shifted  by  a  half  time  step.  These 
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equations  correspond  to  the  different  forms  for  a  conductive  medium  when  the  field  multiplying 
the  conductivity  is  taken  as  the  forward  or  back  value  in  time  or  the  average.  Equation  (3)  was 
found  to  be  more  stable  than  (8)  or  (9),  and  slightly  more  accurate  at  low  frequencies.  Since 
equation  (9)  does  not  involve  a  tensor  multiplying  the  curl  operation  it  could  be  considerably 
faster  to  evaluate. 
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Relative  Error  in  R^cp  Relative  Error  in  /?i 


Fig.  1.  Magnitudes  of  the  left-hand  polarized  reflection  and  transmission  coefficients  for 
normal  incidence  of  a  plane  wave  on  a  ferrite  slab  from  the  FDTD  solution  are  compared 
with  the  exact  solutions.  The  relative  errors  in  the  complex  quantities  are  also  shown. 


Fig.  2.  Relative  errors  in  the  complex  reflection  and  transmission  coefficients  from  solving 
equations  (3),  (8)  and  (8)  for  normal  incidence  on  a  ferrite  slab  with  At  =  Ax/^cy/Z. 
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Fig.  3.  Electric  field  in  front  of  the  ferrite  slab  showing  the  difference  in  stability  of  equations 
(3)  and  (8)  solved  at  the  ID  Courant  limit  of  At  =  Ax/c. 


Fig.  4.  Electric  field  in  front  of  the  ferrite  slab  showing  the  difference  in  stability  of  equations 
(3)  and  (8)  solved  at  a  time  step  of  At  =  Axjcy/Z. 
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Abstract  -  A  two-dimensional  ste^y-state  near-field  transformation  is  presented  which  may  be  used  to 
calculate  scattered  fields  over  a  large  area,  thus  reducing  memory  requirements  and  dispersion  errors 
associated  with  a  direct  application  of  FDTD.  The  derivation  is  based  on  the  surface  equivalence  principle 
applied  in  two  dimensions.  This  method  is  developed  to  work  in  conjunction  with  a  scattered-field  FDTD 
formulation  and  requires  the  transformed  fields  to  radiate  firom  within  the  closed  FDTD  space.  For  a 
scattered-field  FDTD  calculation,  the  scattered  tangential  components  on  the  surface  are  known  and  the 
transform  application  is  shown  to  be  straight  forward.  The  FDTD  code  calculates  the  scattered  near-fields 
close  to  the  scattering  object.  These  fields  are  then  transformed  to  the  area  of  interest. 

I.  INTRODUCTION 

A  number  of  applications  requiring  near-zone  scattered  fields  are  of  interest.  The  desired  field  may 
be  a  considerable  distance  away  fi-om  the  scattering  object  yet  still  require  a  full  near  field  solution.  In 
cases  like  this,  the  solution  would  necessitate  extensive  computer  resources  using  a  standard  Finite 
Difference  Time  Domain  (FDTD)  method.  An  alternative  approach  to  solving  such  problems  is  to  use  a 
Near  Field  Transformation  (NFT)  technique  in  conjunction  with  FDTD.  This  allows  the  required  FDTD 
space  to  be  considerably  smaller,  thereby  decreasing  memoiy  requirements  as  well  as  minimizing 
dispersion  errors. 

The  purpose  of  the  NFT  is  to  provide  a  method  to  predict  scattered  fields  outside  an  FDTD  region. 
There  are  four  combinations  of  transforms  possible;  time-domain  near-field  to  far-field,  time-domain  near¬ 
field  to  near-field,  frequency-domain  near-field  to  far-field  and  frequency-domain  near-field  to  near-field. 
Many  of  these  techniques  have  been  developed  for  FDTD  [1,2].  For  instance,  Barth  et  al.  [3]  presented 
both  time-domain  and  frequency-domain  far-field  techniques.  Shlager  and  Smith  [4]  more  recently 
presented  a  time-domain  near-field  to  near-field  approach.  Luebbers  et  al.  [5]  developed  a  three- 
dimensional  technique  for  the  time-domain  near-field  to  far-field  transformation  and  later  published  a  two- 
dimensional  version  of  this  technique  [6].  The  transformation  introduced  in  this  paper  is  a  two- 
dimensional  frequency-domain  near-field  to  near-field  transform  similar  to  the  two-dimensional 
formulation  mentioned  in  [6].  The  major  difference  here  is  the  calculation  of  frequency-domain  near- 
fields  rather  than  time-domain  far-fields. 

The  FDTD  technique  is  used  to  calculate  the  electric  and  magnetic  fields  along  a  closed  rectangular 
path  of  integration  around  the  aperture  boundary  surrounding  the  object.  This  allows  scattered  near  fields 
outside  the  FDTD  region  to  be  predicted  based  on  the  surface  equivalence 
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principle.  The  NFT  implementation  is  used  to  calculate  scattered  fields  outside  the  FDTD  region  due  to 
objects  contained  within  the  FDTD  region.  The  advantage  of  the  NFT  is  that  it  only  requires  a  small 
FDTD  calculation  space. 

This  method  enables  large  area  calculations  using  a  desk-top  PC  rather  than  a  supercomputer.  Its 
original  application  calculated  propagation  path  loss  for  a  167  by  667  wavelength  area  requiring  only  100 
MBytes  of  memory  [7].  Without  this  method  40  GBytes  of  memory  would  have  been  required  to  perform 
this  calculation  with  acceptable  dispersion  errors.  The  method  is  particularly  appealing  when  evaluation 
of  only  a  few  field  points  is  required. 

11.  THEORETICAL  DEVELOPMENT 

This  section  discusses  the  derivation  based  on  an  application  of  the  surface  equivalence  theorem 
(Huy gen’s  principle)  to  two-dimensional  frequency-domain  scattering  problems.  The  surface  equivalence 
theorem  states  that  the  fields  outside  an  imaginary  closed  surface  may  be  obtained  by  determining  the 
appropriate  set  of  electric  and  magnetic  current  densities  which,  when  placed  over  the  closed  surface, 
satisfy  the  boundary  conditions  [8].  This  is  accomplished  by  selecting  the  current  densities  in  such  a  way 
that  fields  inside  the  closed  surface  are  zero,  whereas  outside  the  surface  the  fields  are  equal  to  the 
radiation  produced  by  the  actual  sources.  These  radiated  or  scattered  fields  are  determined  through 
integration  over  the  closed  surface  which  requires  a  knowledge  of  the  tangential  components  of  the  fields 
at  the  surface.  For  this  reason,  the  surface  equivalence  theorem  is  well  suited  for  application  to  the  FDTD 
algorithm  since  the  electric  and  magnetic  fields  are  known  at  all  locations  and  times  throughout  the  FDTD 
region. 

The  derivation  begins  by  considering  the  full  three-dimensional  form  of  the  magnetic  vector 
potential  A  due  to  an  electric  current  density  J .  The  expression  for  A  is  given  by  [8] 


-jpR' 


A(x,y,z)  =  ^  -  dv 

4  71  R  / 


(1) 


where  R '  =  +  (y~y'f  +  (z-zV  represents  the  distance  between  the  source  point 

and  the  observation  point  (x,y,z).  The  propagation  constant  is  p=27t/A  where  X  is  the  wavelength. 
Suppos^it  is  assumed  that  the  scattering  object  extends  infinitely  along  the  z-axis  and  that  the  current 
density  J  is  independent  of  z'.  Then  the  following  identity 

/  - -  dz'  =  -jicHo®>(pR)  (2) 


can  be  used  in  order  to  show  that  Equation  1  may  be  written  as  the  surface  integral 

A(x,y)  =  -j  4  /  <is' 

4  i 


(3) 
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where  is  the  zero-order  Hankel  function  of  the  second  kind  and  R  =  ^(x-xV  +  (yy^- 
Application  of  the  surface  equivalence  principle  requires  that  the  current  should  be  confined  to  lie  on  the 
outer  edge  of  the  two-dimensional  surface.  In  this  case,  Equation  3  can  be  reduced  to  a  line  integral  of  the 
form 


A(x,y)  “  -j  I  jCx',y')  H„'">(PR)  dJ'  (4) 

c 

An  expression  for  the  magnetic  field  may  now  be  obtained  from  Equation  4  according  to 

H,(x,y)  =  1  (Vx  A)  =  f  Vx  [j(x'y')  Ho<">(pR)]  dC'  (5) 

u  4  J 

C 

where  the  subscript  e  denotes  the  contribution  attributed  to  the  electric  current  density  J  .  By  making  use 
of  well-known  vector  identities,  equation  5  can  be  simplified  to  an  expression  for  given  by 

f  H,®(PR)  d('  (6) 

c 


Performing  the  indicated  cross  product,  yields  H^(x,y)  =  (x,y)  z  where 


■R  /  H  (PR) 

H^^(x,y)  =  “  J  [(x-x')  Jy(x',y^)  -  (y -y ')  J,,(x  ^,y  ^)] 


(7) 


The  electric  field  is  related  to  the  corresponding  magnetic  field  through  the  expression 

E.(x,y)  X  J-  (VxH,) 
jcoe 


(8) 


Combining  Equations  7  and  8  suggests  that  E^(x,y)  =  E^^(x,y)x  +  E^y(x,y)y  where 

E,y(x,y)  =  -  ^ 

^  ja)e  dx 


(9) 


Substituting  Equation  7  into  9  and  carrying  out  the  required  differentiations  leads  to  the  following  integral 
representations  of  the  electric  field  components 
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C  {  H  (BR)  h  ^^VBr)  I 

B,y(x,y)=^  j  jp(x-x')[(x-x^)Jy(x',y') -(y-y  — -Jy(x ',y - 1  d^tlO) 


where 


(11) 


andHj^^  is  the  second-order  Hankel  functions  of  the  second  kind. 

Similar  expressions  can  be  derived  for  the  electric  field  components  due  to  a  magnetic  current 
density  M  by  starting  with  the  three-dimensional  form  of  the  electric  vector  potential  F  given  by 

“j  ^ 

F(x,y,z)  =  f  M(xiy^,z^)  - — —  dv 
47:  ^ 

It  can  easily  be  shown  that  Equation  12  may  be  reduced  to  the  form 

F(x,y)  =  -j  I  f  M(x',y')  Ho<'’(pR)df' 

c 

by  following  an  analogous  procedure  to  that  used  to  derive  Equation  4  from  1 .  An  expression  for  the 
electric  field  may  now  be  found  from  F  by  using 

E  (x,y)  =  -  l(Vx  F)  =  j-  f  Vx  [M(x',y^)  d{'  (14) 

“  e  4  J 

C 

where  the  subscript  m  denotes  the  contribution  attributed  to  the  magnetic  current  density  M .  If  J  is 
replaced  by  M  in  Equation  5,  then  it  follows  that  Equation  14  may  be  written  as 

E„(x.y)  =  f  [RxM(x',y')]  H®(pR)d(!'  (IS) 

C 

Performing  the  indicated  cross  product  yields  E^(x,y)  =  E^^(x,y)x  +  E^y(x,y)y  where 


(12) 


(13) 
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=  ^  I  (x-x')  M^(x',y) 


Hf^(pR) 


(16) 


The  NFT  scheme  requires  that  the  aperture  (or  surface)  fields  be  calculated  by  FDTD.  Once  the 
aperture  fields  have  been  determined,  then  Equations  10  and  16  can  be  used  to  derive  scattered  fields 
outside  the  FDTD  region.  The  accuracy  of  this  technique  depends  on  the  knowledge  of  the  aperture  fields. 
The  surface  currents  J^.  and  M ^  are  related  to  the  aperture  fields  by  =  n  x  and  =  -  n  x 
where  n  is  the  unit  nonnal  vector  pointing  out  of  the  surface.  In  this  paper,  the  aperture  fields  are  sampled 
along  a  rectangular  surface  positioned  10  cells  inside  the  FDTD  region  with  a  sampling  resolution  of  at 
least  1 0  cells  per  wavelength.  The  choice  of  a  rectangular  aperture  makes  it  possible  to  conveniently 
discretize  Equations  10  and  16  in  the  following  way  for  the  x-faces  where  Jsy=0  and: 


ae,  =  -  I 


P(x-x')(y-y') 


Hf(pR) 


Ax 


(17) 


_  JP 


/  Hf>(pR) 
(x-x')  — -  M, 


Ax 


(18) 


and  for  the  y-faces  where  Js,j=0 


AE., 


|p(x-xy 


Hf’(PR) 


hP>(PR)| 

R  I 


Ay 


(19) 


AE_ 


_  JP 


(x-x  )  -  M 


Ay 


(20) 


Initially,  the  values  of  the  E^,,,  E^j.  and  field  components  over  the  surface  of  the  rectangular 
aperture  are  calculated  by  FDTD  and  stored  in  a  file.  The  NFT  makes  use  of  these  aperture  fields  to 
compute  the  associated  electric  and  magnetic  surface  current  densities  (J^^,  Jsy  and  M^j,).  The  desired  near 
field  location  for  the  scattered  field  calculation  is  then  specified  and  Equations  1 7  through  20  are  used  to 
compute  the  field  contribution  due  to  each  aperture  boundary  segment  of  length  Ax  or  Ay.  The  total  near 
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zone  scattered  field  component  Ey  may  then  be  determined  by  summing  the  fields  produced  by  each 
individual  segment  of  the  rectangular  boundary. 

III.  APPLICATIONS  AND  RESULTS 

A  simple  application  of  the  FDTD/NFT  algorithm  will  be  presented  and  compared  to  an  available 
exact  solution.  The  problem  consists  of  a  two-dimensional  PEC  cylinder  excited  by  an  ideal  TE  plane 
wave  with  a  magnitude  of  1  V/m.  Vertical  near  fields  are  calculated  over  a  10  by  10  wavelength  area 
surrounding  the  cylinder.  The  geometry  is  shown  in  Figure  1  where  a  denotes  the  radius  of  the  cylinder 
and  is  equal  to  2.5  wavelengths.  FDTD  is  used  to  calculate  the  scattered  fields  around  the  cylinder  in  an 
8  by  10  wavelength  area  shown  in  Figure  2,  The  FDTD  calculations  use  50  cells  per  wavelength.  The 
NFT  is  then  used  to  calculate  the  scattered  field  in  a  2  by  10  wavelength  area  to  the  right  of  the  cylinder. 
The  NFT  calculations  are  performed  with  25  samples  per  wavelength.  This  demonstrates  the  fact  that  the 
NFT  calculations  can  be  run  on  a  sparse  grid.  The  incident  portion  of  the  field  is  derived  analytically  and 
added  to  the  scattered  portion  to  provide  the  total  field  results.  It  should  be  noted  that,  in  this  case,  the 
entire  problem  can  be  easily  solved  on  a  desktop  PC  using  only  FDTD,  but  is  evaluated  instead  using  the 
FDTD/NFT  method  for  demonstration  purposes.  The  exact  solution  is  compared  to  results  obtained  using 
the  FDTD/NFT  approach.  Portions  of  the  shadow  region  are  greater  than  40  dB  below  the  incident  field 
magnitude  and  there  is  no  noticeable  difference  between  this  solution  and  the  exact  solution,  even  along 
the  FDTD/NFT  boundary. 

The  second  application  consists  of  a  two-dimensional  diamond  shaped  PEC  cylinder.  The  cylinder 
height  is  6.5  wavelengths  and  its  width  is  three  wavelengths.  The  excitation  is  the  same  as  in  the  case  of 
the  circular  cylinder  considered  previously.  Near  fields  are  calculated  over  a  10  by  20  wavelength  area 
surrounding  the  cylinder  using  the  FDTDVNFT  method.  The  scattered  fields  in  a  1 0  by  1 0  wavelength  area 
around  the  cylinder  are  calculated  using  FDTD.  The  NFT  is  then  applied  to  calculate  the  fields  in  the 
remaining  10  by  10  wavelength  area.  A  smooth  transition  between  the  FDTD  and  NFT  regions  is 
observed  in  both  cases.  It  was  found  that  these  results  compare  well  with  the  GTD  solution  for  this 
problem. 

The  NFT  algorithm  applied  here  was  derived  to  efficiently  increase  the  area  over  which  FDTD 
calculations  could  be  performed,  especially  for  electrically  large  objects.  The  algorithm  works  in 
conjunction  with  a  two-dimensional  scattered-field  steady-state  FDTD  code.  The  algorithm  can  be  applied 
in  two-dimensions  or  could  be  modified  to  work  in  three  dimensions  with  any  steady-state  radiating  field. 
The  only  requirement  is  that  the  fields  must  be  known  over  the  entire  closed  surface.  The  accuracy  of  the 
NFT  will  depend  on  the  spacial  sampling  interval.  An  interval  of  10  or  more  samples  per  wavelength  are 
recommended  although  as  few  as  four  may  provide  reasonably  accurate  results. 

IV.  CONCLUSION 

A  near-field  steady-state  transformation  was  developed  to  calculate  near-fields  outside  an  FDTD 
space  during  post-processing.  This  method  can  be  applied  to  accurately  and  efficiently  calculate  radiated 
fields  over  a  large  area.  It  is  also  extremely  efficient  if  the  fields  at  only  a  few  points  outside  the  FDTD 
space  are  of  interest.  Dispersion  errors  inherent  in  FDTD  are  compounded  by  the  number  of  cells. 
Therefore,  the  use  of  the  NFT  will  reduce  these  errors  by  reducing  the  number  of  cells  required  for  the 
FDTD  calculation.  Another  advantage  of  the  NFT  is  that  it  can  be  used  in  conjunction  with  FDTD  to 
significantly  reduce  the  memory  requirements  associated  with  large  problem  spaces.  Results  of  the 
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FDTD/NFT  technique  were  found  to  be  in  excellent  agreement  when  compared  to  the  well-known  exact 

solution  for  scattering  from  a  circular  cylinder  and  compared  well  to  GTD  results. 
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Unit  in  Wavelengths 


Figure  2.  FDTD/NFT  Space  Geometry 


Transient  Simulation  of  Breakdown  Characteristics  of  a  Miniaturized  MOSFET 
based  on  a  Non-Isothermal  Non-Equilibrium  Transport  Model 

W.-C.  Choi,  H.  Kawashima  and  R.  Dang 
Hosei  university,  Tokyo,  Japan 
Abstract 

The  conventional  semiconductor  device  simulation  technique,  based  on  the  Drift- 
Diffiision  Model  (DDM),  neglects  the  thermal  and  other  energy-related  properties 
of  a  miniaturized  device.  We,  therefore,  developed  a  simulator  based  on  the  Ther 
mally  Coupled  Energy  Transport  Model  (TCETM)  which  treats  not  only  steady- 
state  but  also  transient  phenomena  of  such  a  small-size  MOSFET.  In  particular,  the 
present  paper  investigates  the  breakdown  characteristics  in  transient  conditions.  As 
a  result,  we  found  that  the  breakdown  voltage  has  been  largely  underestimated  by 
the  DDM  in  transient  conditions. 


Introduction 

As  a  consequence  of  the  present  trend  in  microminiaturization,  with  the  MOSFET  being  shrinked  to 
smaller  and  smaller  size,  it  was  well  conceivable  that  the  current  density  increase  at  the  Si/Si02  channel 
interface  and  the  electric  field  concentration  in  the  drain  vicinity,  should  be  conspicuous.  In  such  situa¬ 
tion,  the  non-equilibrium  of  localized  carrier  energy  and  the  increase  of  device  temperature  due  to  heat 
generation,  must  be  duly  taken  into  account. 

However,  simulation  techniques  have  not  been  able  to  cope  with  the  situation.  So  far  either  the  DDM 
[1]  plus  the  heat  flow  equation,  or  the  non-isothermal  non-equilibrium  model  [2]-[4],  have  been  solved 
in  the  steady-state.  The  loss  of  information  due  to  the  neglect  of  the  transient  state  should  be  consider¬ 
able.  We,  therefore,  adopt  both  non-isothermal  and  non-equilibrium  models  in  our  study  of  the  transient 
characteristics  and  in  the  following,  report  the  newly  obtained  result  for  breakdown  characteristics  in 
transient  conditions. 


Basic  Equations 


Basic  equations  for  two-dimensional  transient  simulation,  consisting  of  Poisson  equation  (1),  current 
continuity  equations  for  electrons  (2)  and  holes  (3),  energy  transport  equation  for  electrons  (4)  and  heat 
flow  equation  (5),  are  given  as  follow. 


div(  £  grad  y/)  =  ~q{ND  -  Na  +  p  -  n) 


dn 

dt 


=  div(^)+f/ 


(1) 

(2) 
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(3) 

(4) 


■|  =  -div4)+C/ 

+  div  5„  =.J„-E-nCr  +  irU 

01 

pC^  -  div  {ki  grad  Tl)  =  Ql  (5) 

where  e,  xp,  n,  p,  Na,  Np  and  C/ represent  permittivity,  electric  potential,  electron  density,  hole  density, 
acceptor  doping  concentration,  donor  doping  concentration,  and  generation-recombination  of  carriers, 
respectively.  y„and  Jp  are  electron  and  hole  current  densities.  E  is  electric  field  ■S„and  C„  are  ener^ 
flux  and  mean  energy  loss  rate  for  electron.  is  electron  mean  energy,  p,  C,  h,  Ql  and  Tl  stand  for 
density,  specific  heat  capacity,  thermal  conductivity,  lattice  heat  generation  rate  and  lattice  temperature, 
respectively.  Note  that  equations  (l)-(3)  form  what  is  conventionally  called  the  drift-diffusion  model, 
equation  (4)  is  the  energy  balance  equation  for  electrons  and  equation  (5)  is  the  heat  flow  equation 
which  have  been  added  here  to  account  for  the  non-isothermal  and  non-equilibrium  conditions.  As  for 
the  energy  balance  equation,  we  consider  electrons  only,  and  assume  that  the  hole  and  lattice  tempera¬ 
tures  are  equal.  ,  •  u  i 

The  electron  mean  energy  is  assumed  to  be  totally  thermal,  since  thermal  ener^  is  much  larger 
than  the  average  kinetic  energy  in  most  cases.  Here,  the  mean  energy  loss  rate  C„  is  given  as  follows. 


.  i.-ii 

(6) 

where  Tw 
Variables 

„  is  energy  relaxation  time  for  electrons,  T„  is  electron  temperature  and  Ci  is  lattice  energy. 
n,  p,  J„,  JpdSQ  interrelated  with  each  others  by  following  auxiliary  equations. 

q{¥-(f>n) 

«.n,exp  (7) 

q{<f>p  -  ¥) 

/^*/7,exp 

(8) 

Jr,  =  qDr,  grad  n-qp  „nE  +  kBna„p  „  grad  T„ 

(9) 

Jp  =  -qDp  grad  p-qpppE-  kspOpPp  grad  Tp 

(10) 

S„  =  -k„  grad  +kBT„) 

(11) 

Furthermore,  the  thermal  energy  is  related  to  the  total  current  as  follows. 

J  ^  J n  'i’Jp  +«/ disp 

(12) 

Ql  =  E  ‘  J —EgU 

(13) 

vrith 

Jdisp  =  grad  ^ 

(14) 

where  T  «  it„  and  are  hole  temperature,  intrinsic  carrier  density,  thermal  conductivity  for  electron 
and  Boltim^  constant.  <f>„,  fi„,  Pp,  D„  and  Dp  represent  quasi-Fermi  potentials,  mobiUties  and 
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diffusion  constants  for  electrons  and  holes,  respectively.  a„  and  a„  are  transport  coefficients  for  elec¬ 
trons  and  holes,  J  is  total  current  and  J^tsp  is  displacement  current. 

Generation  due  to  impact  ionization  {Gimp)  of  carriers  and  recombination  based  on  Shockley-Read- 
Hall  model  {Rshr)  and  Auger  model  {Raug)  are  calculated  using  the  following  formulae  [5], 


where 


with 


Gmp  =  ^A„  exp(-a„Aw^  +  +  c„)  +  ^Ap  exp{-apAp'^  +  bpAp  +  Cp) 


Aw  > 


\Jr,\ 


\E-J„\ 


■Ap- 


E -J, 


n  nf-np 

“  T«(P  +  ni)  +  Tp(«+W/) 


Raug  -  («?  +np){C„n  +Cp  p) 

TnQ  , 


1  + 


\Nl 

"^ne 


Tpe 


(15) 

(16) 

(17) 

(18) 


A„  =  7.35  X  105[cm-i] ,  =  7  .83  x  10^^-^], 

=4.1777x  10“[Vcm-’] ,  Op  =  5.732x  lOinVcm-^], 
b„  =  -1.787X  I05[Vcm-’]  ,  bp  =  -1.261  x  10^[Vcm-^], 
=42.137,  Cp -43.32, 

Cr,  =  2.1  X  10"^‘[cm‘^sec‘^] ,  Cp  -  9.9  x  10"^^[cm"^sec“^], 
T„o  =  3.95  X  10~^[sec] ,  Zpo  =  3.52  x  10"^[sec], 
z„e  =  T«p  =  7.1  X  10*^[cm-^]. 


Other  physical  parameters  not  enumerated  above  are  identical  with  those  in  Ref  [6]. 

Numerical  Method 

Equations  (1)-(14)  are  now  numerically  solved  self-consistently.  We  used  a  modified  Scharfetter- 
Gummel  formula  by  Tang  [7],  and  the  baclcward  time  differencing  by  Mock  [8]. 

A  simplified  algorithm  of  the  simulation  is  shown  in  Fig.  1 .  This  algorithm  is  composed  of  four  com¬ 
puting  loops,  namely  drift  diffusion  loop,  energy  transport  loop,  heat  flow  loop  for  solving  the  govern¬ 
ing  equations  and  the  last  transient  loop  for  controlling  the  time  flow. 

First  of  all,  structure  parameters  of  the  MOSFET  are  calculated  as  initial  settings.  Then  the  gate  volt¬ 
age  is  increased  until  a  given  bias,  e.g.  3.0  [V].  After  setting  time  t,  equations  (l)-(3),  (7)-(10)  are 
solved  first  by  means  of  a  coupled  method  for  y/,n,  p .  Equations  (4),  (5)  and  (11),  (13)  are  solved  next 
using  the  just-obtained  \p,n,  p .  This  process  is  reiterated  until  convergence  is  achieved  for  each  time 
step.  The  time  is  now  renewed  to  t+ Ar  and  the  whole  thing  is  repeated  until  the  prescribed  simulation 
time  is  exhausted. 
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Simulation  Result 

A  gate  transient  simulation  is  performed  on  a  MOSFET  structure  shown  in  Fig.  2,  with  channel 
length  £^=0.2  [  n  m],  oxide  thickness  =  8  [nm],  junction  depth  Xj  =  0.08  [  n  m],  substrate  doping 
density  =  3.9  x  10^’  [atoms/cm'^],  respectively.  Gate  bias  is  initially  fixed  at  3.0  [V],  bulk  and 
source  biases  at  0  [V].  Then  the  drain  potential  is  raised  from  0  [V]  to  10  [V]  with  various  rising  time 
lengths  (e.g.  50,  100,  1000  [ps]).  Terminal  currents  are  taken  positive  in  their  outward  direction. 


I  Initial  Setting 


Posion  Eq. 

Current  Continuity  Eq.  for  Electrons 
Current  Continuity  Eg.  for  Holes 


onveri 


12^ 

Yes 


No 


Drift  Diffusion  Loop\ 


Energs'  Balance  Eg.  for  for  Electrons 

No 


Fig.  1 .  The  algorithm  of  the  simulation  Fig.  2.  Geometry  of  a  n-channel  MOSFET 

Fig.  3  shows  the  characteristics  of  the  drain  current  on  drain  voltage  based  on  (a)  DDM  and  (b) 
TCETM  with  three  different  rising  times.  We  found  that  the  breakdown  voltage  based  on  the  TCETM 
is  higher  than  that  of  the  DDM.  This  is  due  to  the  lower  electric  field  strength  dependent  of  carrier  en¬ 
ergy  of  the  TCETM  [9].  Furthermore,  the  breakdown  voltage  is  lower  with  shorter  rising  time  due  to 
the  delay  of  carrier  transport  for  variable  drain  voltage.  And  the  drain  currents  are  higher  with  shorter 
rising  time  for  increasing  of  gate  current  and  bulk  current  at  pre-breakdown. 

Fig.4  shows  the  gate  displacement  current  in  TCETM.  The  corresponding  transverse  electric  field 
within  the  gate  oxid  at  the  middle  of  the  channel  is  shown  in  Fig."  6.  It  is  found  that  the  slope  is  steeper 
when  the  rising  time  is  shorter. 

The  bulk  current  in  Fig.  5  also  increases  with  shorter  rising  time  due  to  increasing  of  carrier  genera¬ 
tion  by  the  impact  ionization  near  the  drain. 
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Gate  Current  (inAI  dq'  Drain  Current[mAl  Drain  Current  fm A] 


Drain  Voltage[V] 


(b)  TCETM 

3.  The  characteristics  of  the  drain  current 


Drain  Voltage  [V] 


Fig.4.  The  characteristics  of  gate  current 
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Fig.  5.  The  characteristics  of  bulk  current 
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Fig.  6.  Electric  field  at  transient  conditions 
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Conclusion 

We  have  reported  transient  simulation  of  breakdown  characteristics  of  a  miniaturized  MOSFET 
based  on  a  non-isothermal  non-equilibrium  transport  model.  We  found  again  that  breakdown  voltage  is 
under  estimated  by  the  DDM.  Furthermore,  we  also  observed  an  increase  of  drain  current  and  break¬ 
down  voltage  with  short  rising  time.  Therefore,  it  is  necessary  to  adopt  TCETM  and  transient  condi¬ 
tions  when  investigating  breakdown  characteristics  of  a  deep  submicron  MOSFET. 
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Abstract 

In  this  paper,  we  report  electro-thermal  characteristics  of  a  transistor  mounted  on  a  chip 
in  various  arrangements  by  solving  heat  flow  equation  together  with  other  basic  semicon¬ 
ductor  equations.  To  calculate  accurately  the  temperature  distribution  inside  a  single 
transistor  taking  account  of  in-chip  thermal  interdependence,  we  combine  a  three- 
dimensional  thermal  simulator  with  a  two-dimensional  electrical  simulator.  As  a  result,  we 
found  that  influences  on  electrical  characteristics  of  the  transistor  caused  by  the  self¬ 
heating  effect  and  the  in-chip  thermal  interdependence,  can  not  be  neglected. 


L  Introduction 

As  the  sizes  of  a  transistor  and  a  circuit  are  decreasing,  the  temperature  inside  a  chip  becomes  very 
high  at  the  same  bias.  Transistors  designed  without  considering  thermal  effects,  may  give  rise  to  hot 
spots  on  the  chip.  To  cope  with  this  situation,  it  is  necessary  to  consider  not  only  electrical  but  also 
thermal  characteristics. 

The  temperature  distribution  in  both  two  and  three  dimensions  has  been  widely  reported  [1-9].  In 
general,  there  are  two  viewpoints  on  the  temperature  analysis  inside  a  semiconductor  device.  One,  the 
macroscopic  one  [1-4],  solves  heat  flow  equation  analytically  or  numerically  in  the  entire  chip  by 
considering  a  transistor  to  be  a  lumped  heat  source.  The  other,  the  microscopic  one  [5-9],  couples  the 
solution  of  the  heat  flow  equation  with  electrical  semiconductor  equations,  namely,  Poisson  equation, 
current  continuity  equations,  and  so  on,  within  the  area  surrounding  a  single  transistor.  It  is  difficult  for 
the  former  approach  to  calculate  the  detailed  temperature  distribution  inside  each  transistor  and  electro¬ 
thermal  characteristics  of  the  transistor  caused  by  the  self-heating  effect.  On  the  other  hand,  as  heat 
flow  spreads  widely  and  deeply  into  the  substrate,  it  is  difficult  for  the  latter  approach  to  set  up  an 
appropriate  simulation  area  and  efficient  boundary  conditions  that  accurately  reflect  physical  models. 
Combining  both  approaches  with  a  view  of  profiting  their  respective  merits  enables  us  to  calculate 
temperature  distribution  in  the  transistor  taking  account  of  the  global  structure  of  the  entire  circuit.  This 
combination  is  realized  in  the  present  paper  by  a  two-step  calculation,  first  by  considering  the  transistor 
as  a  lumped  heat  source;  then  restricting  the  simulation  area  to  the  nearest  surroundings  of  the 
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transistor  with  the  detailed  heat  generation  provided  by  the  electrical  simulator.  Using  these  simulators 
electro-thermal  characteristics  of  a  transistor  taking  account  of  chip  self-heating  and  in-chip  thermal 
interdependence  are  investigated. 


n.  Basic  Equations 


A.  Thermal  Model 


The  heat  flow  equation  for  steady  state  reads 

div  {k  grad  T)  =  -Q 


(1) 


where  k,  T,  and  Q  represent  thermal  conductivity  of  material  at  stake,  temperature,  and  heat  generation 

rate,  respectively.  .  ,  ,  -j  j  ■  • 

The  temperature  dependence  of  the  thermal  conductivity  of  each  matenal  to  be  considered  is  given  as 

follows  [1-5]. 
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SiOi 

GaAs 

A1 

Au 


3122.86 

1.43  X  10-2  +3.84X  10-«(7’-273)4-2x  10-«(r-273)2 

550 

2.3 

3.12 


(1.55  at  300  K) 
(0.0144  at  300  K) 
(0.44  at  300  K) 


Unit:[Wcm-'K-'] 


B.  Electrical  Model 

Electrical  basic  equations  for  steady  state,  consisting  of  Poisson  equation  (2)  and  current  continuity 
equations  for  electrons  (3)  and  holes  (4),  are  given  as  follows. 

div(£grad  V/)  = +/7-«)  (2) 

(3) 


div(^)  =  t/ 


(4) 


where  £,  \{/,  q,  Nd,  Na,  and  U  represent  permittivity,  electric  potential,  electronic  charge,  donor  doping 
concentration,  acceptor  doping  concentration,  and  generation-recombination  rate  of  carriers,  respec¬ 
tively.  n  and  p  are  electron  density  and  hole  density,  as  follows. 


rt^rii  exp 


q{y^-<f>n) 

UbT 


P 


-  rii  exp 


q{(f>p-¥) 

UbT 


(5) 

(6) 


where  and  stand  for  intrinsic  carrier  density  and  Boltzmann  constant.  <f>„  and  (f)p  are  quasi-Fermi 
potentials  for  electrons  and  holes,  respectively. 

J„  and  Jp  represent  electron  and  hole  current  densities,  including  the  effect  of  temperature  gradient, 
and  are  given  as  follows. 
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grad  +  grad  w  + grad  r  (7) 

Jp  =  -^/^p/7grad^i/-^Z);,grad/?-^5/7a;,//;,grad7'  (8) 

where  //«,//;,,  Z)„,  Z);,,  a„,  and  are  mobilities,  diffusion  constants,  and  transport  coefficients  for 
electrons  and  holes,  respectively. 

C  Physical  Model 

In  order  to  consider  effects  of  the  self-heating  and  the  thermal  interdependence  in  electrical  charac¬ 
teristics,  we  use  carrier  mobility  models  [10-12]  as  a  function  of  temperature,  concentration,  and 
electric  field  for  Si  MOSFET,  as  follows. 


T,Eg,Ed)  ' 


j  T,£g)  EpIvcY 

H„.p(NJ,Ea)EDlv,^-G  EdIv,{T)) 


(9) 


lin,p{N,  T,Eg)  7)  (1  +  a^c)' 


(10) 


u  (N  T\  =  88  T-O-S?  _ 7.4  X  10^  _ 

°  1  +0.88  7’o°  ‘^A^/(1.26x  1017  rg-4) 


(11) 


/ip{N,  T)  =  54.3  + 


_ 1.36x10^7-7  33 _ 

1  +  0.88  7o°*^i^/(2.35  x  10^7  T^) 


To  =  7/300  (12) 


v.(7)  = 


2,4x10^7 
1  +0.8  exp  (7/600) 


(13) 


where  Ed  and  Eg  represent  electric  fields  defined  by  components  perpendicular  and  parallel  to  the 
current  density  vector.  A^is  concentration  and  other  parameters  are  identical  with  those  in  Ref  [12]. 
Temperature  dependent  intrinsic  carrier  density  for  silicon  is  given  as  follows  [9]. 


n,{T)  =  3.88  X  10^^  7^  ^  exp 


(14) 


D.  Numerical  Implementation 

We  solve  these  equations  by  fiinite  difference  method  on  an  orthogonal  mesh  using  Newton's  method 
in  three  (thermal  simulator)  or  two  (electrical  simulator)  dimensions. 

To  ensure  the  flexibility  of  coupling  the  thermal  simulator  to  the  electrical  simulator,  the  calculation 
is  carried  out  in  two  stages.  First,  by  replacing  each  transistor  as  a  lumped  heat  source,  the  calculation 
of  temperature  distribution  taking  account  of  design  parameters  of  a  circuit,  such  as  the  number  of 
transistors,  the  distance  between  each  transistor,  the  number  of  transistors,  the  layout  of  the  circuit,  and 
so  on,  is  carried  out  using  the  thermal  simulator.  Then,  the  simulation  area  is  reduced  to  the  surround¬ 
ing  of  the  single  transistor,  and  both  electrical  and  thermal  simulators  are  carried  out  by  means  of 
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setting  boundary  conditions  of  heat  flow  equation  from  temperature  distribution  obtained  from  the  first 
stage  in  order  to  consider  effects  of  design  parameters. 


in.  Simulation  Results 
A.  Thermal  Simulation  of  Si  MOSFET 

The  simulated  structure,  a  Si  MOSFET  of  12  equidistant  parallel  channels,  is  shown  in  Fig.  1.  Each 
channel  (heat  source)  is  1  micron  long,  50  micron  wide  with  a  heat  dissipating  rate  of  0.1  W.  The 
spacing  between  them  is  8  microns,  the  chip  thickness  100  microns.  The  top  surface  is  covered  with  a 
0.02  micron  thick  layer  of  Si02  as  gate  oxide,  and  a  1  micron  thick  layer  of  Aluminum  as  gate 
electrode.  The  bottom  face  is  connected  to  a  heat  sink  at  room  temperature  (300  K).  This  structure  is 

separated  from  other  devices  by  150  microns  to  ensure  thermal  isolation. 

Fig.  2  shows  temperature  distributions  in  the  first  quadrant  of  the  structure.  Distributions  in  other 
quadrants  can  be  obtained  easily  by  virtue  of  symmetry.  Under  these  conditions,  the  peak  temperature 
rises  to  about  355  K.  The  temperature  variation  along  the  width  of  the  transistors  cle^ly  indicate  that  a 
three-dimensional  analysis  is  necessary  in  order  to  get  a  realistic  temperature  distribution. 


dfr=8,  PF=50,  /f=100,  /=0.02,  d=\,  i>150 

Unit :  a  m 

Fig.  1  Simulated  structure  with  Si  MOSFETs 
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Fig.  2  Temperature  distribution 
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(a)  Dependence  on  the  number  of  transistors  (c)  Dependence  on  the  thickness  of  a  wafer 

Fig,  3  Dependence  of  maximum  temperature  on 
design  parameters  of  a  circuit 


0  20  40 

Transistor  spacing  [  m] 

(b)  Dependence  on  the  transistor  spacing 

Fig.  3  shows  the  dependence  of  maximum  temperature  on  (a)  the  number  of  transistors  while  keeping 
the  transistor  spacing  constant,  (b)  the  varying  transistor  spacing,  and  (c)  the  wafer  thickness.  As  seen, 
with  the  variation  of  the  number  of  transistors,  the  maximum  temperature  rises  steeply,  but  levels  off  at 
about  40  and  the  maximum  temperature  converges  to  about  371  K.  The  temperature  also  depends 
largely  on  the  transistor  spacing  of  under  20  microns.  In  other  words,  it  is  difficult  to  separate  each 
transistor  in  an  integrated  circuit  in  terms  of  thermal  characteristics.  Furthermore,  if  the  spacing 
becomes  smaller  than  5  microns,  the  peak  temperature  rises  sharply  and  the  circuit  may  eventually 
cause  functioning  stop.  On  the  other  hand,  by  thinning  the  wafer  to  less  than  100  microns  (on  this 
condition),  it  is  possible  to  hold  down  the  rise  of  maximum  temperature.  As  a  result,  we  can  see  that  the 
interaction  between  each  transistor  and  the  effect  of  design  parameters  can  not  be  neglected  on  a 
thermal  analysis. 

R  Thermal  Simulation  of  GaAs  MESFET 

Fig.  4  shows  the  simulated  structure,  a  GaAs  MESFET  of  12  gates.  This  structure  has  same  geome¬ 
try  of  Si  MOSFET  in  Fig.  1,  except  of  materials  of  the  substrate  and  the  electrode. 

Fig.  5  shows  the  temperature  distribution  at  GaAs/Au  interface.  Under  these  conditions,  the  peak 
temperature  rises  to  about  488  K.  The  temperature  in  this  structure  is  very  high  as  compared  with  one 
of  a  Si  substrate  under  same  conditions,  because  of  low  thermal  conductivity  of  GaAs. 
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Fig.  4  Simulated  structure  with  GaAs  MESFETs 


0  10  20  30  40  50  60 


Distance  from  center  [  u  m] 
(a)  X-Z  plane  at  GaAs/Au  inter&ce 


Distance  from  center  [  //  m] 

(b)  X-Y  plane  at  middle  of  the  width 


Fig.  5  Temperature  distribution 


C  Electro-thermal  Simulation  of  Si  MOSFET 

Fig.  6  shows  the  detailed  geometry  of  a  single  n-channel  Si  MOSFET  for  the  two-dimensional 
electrical  device  simulator  which  is  shown  as  a  black  stripe  in  Fig.  1.  The  gate  length  is  1.0  micron,  the 
gate  oxide  thickness  0.02  microns,  the  depth  of  the  diJ^sion  layer  0.2  microns  and  the  bulk  doping 
concentration  10’^  cm■^ 

Fig.  7  shows  the  dependence  of  drain  current  and  total  heat  generation  rate  in  the  MOSFET  on  drain 
voltage  by  the  electrical  device  simulator  under  isothermal  condition,  when  gate  voltage  is  fixed  at  5  V. 

After  this  simulation,  by  replacing  total  heat  generation  rate  of  the  single  MOSFET  as  heat  genera¬ 
tion  rate  of  each  lumped  heat  source  on  each  voltage  condition,  the  thermal  simulation  taking  account 
of  effects  of  a  global  structure  as  shown  Fig.  1,  is  carried  out.  Then  the  simulation  region  is  reduced  to 
a  small  area  around  the  single  transistor  and  electrical  characteristics  are  calculated  again  using  the 
electrical  device  simulator  including  the  solution  of  heat  flow  equation  just  obtained  the  temperature 
resulted  from  the  thermal  simulation  as  new  boundary  conditions. 

Fig.  8  shows  drain  current  versus  drain  voltage  under  non-isothermal  or  isothermal  condition.  We 
can  see  that  the  drain  current  based  on  the  isothermal  model,  is  overestimated  due  to  the  neglect  of 
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temperature  rise.  Furthermore,  the  drain  current  based  on  the  non-isothermal  model  with  12  MOSFETs 
is  very  different  from  the  one  with  1  MOSFET  due  to  the  thermal  interdependence. 

Fig.  9  shows  the  temperature  distribution  inside  the  MOSFET  resulted  from  the  non-isothermal 
model  with  12  MOSFETs,  when  both  gate  and  drain  voltages  are  5  V.  Under  these  conditions,  the 
temperature  shows  a  localized  increase  of  about  353  K,  and  heat  flow  spreads  through  whole  MOSFET 
device. 
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Fig.  6  n-channel  Si  MOSFET 


Fig.  7  Dependence  of  drain  current  and  heat 
generation  rate  on  drain  voltage 


Fig.  8  Drain  current  versus  drain  voltage 


Fig.  9  Temperature  distribution  in  Si  MOSFET 


IV.  Conclusion 

We  calculated  the  temperature  distribution  either  in  a  global  structure  embedded  with  a  pluralty  of 
transistors  or  a  single  transistor  using  a  thermal  simulator  and  an  electrical  simulator.  As  a  result,  we 
found  that  the  temperature  inside  the  chip  largely  depends  on  design  parameters  of  the  circuit,  such  as 
the  number  of  transistors,  the  distance  between  them,  and  the  thickness  of  the  wafer.  Therefore,  we  can 
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see  that  it  is  necessary  to  simulate  a  global  structure  taking  account  of  the  thermal  interdependence 
from  other  devices. 

Furthermore,  by  combining  the  thermal  simulator  treating  the  entire  chip  globally,  with  the  electrical 
simulator  dealing  with  a  single  transistor  locally,  electro-thermal  characteristics  of  Si  MOSFET  are 
compared  with  those  by  electrical  simulator  under  isothermal  condition.  As  a  result,  we  found  that 
influences  on  electrical  characteristics  of  the  transistor  caused  by  the  chip  self-heating  and  the  in-chip 
thermal  interdependence,  can  not  be  neglected. 
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1.  INTRODUCTION 

A  novel  class  of  periodic  dielectric  structures  has  been  developed  where  propagation  of  elec¬ 
tromagnetic  (EM)  waves  is  forbidden  for  all  frequencies  in  the  stop  band  or  photonic  band  gap 
(PBG).^~^  These  PBG  structures  have  been  fabricated  at  a  variety  of  microwave  and  millimeter- 
wave  length  scales  with  three-dimensional  PBG  frequencies  ranging  between  10  and  500  GHz. 

An  extremely  attractive  application  of  these  PBG  crystals  is  as  reflecting  substrates  for  integrated 
circuit  antennas. 

A  serious  disadvantage  of  conventional  antennas  on  a  semi-infinite  semiconductor  substrate 
(with  dielectric  constant  e)  is  that  the  power  radiated  into  the  substrate  is  a  factor  larger 
than  the  power  into  the  free  space.®  Hence,  antennas  on  GaAs  or  Si,  radiate  only  2-3%  of  their 
power  into  free  space.  A  large  fraction  of  the  power  radiated  into  the  substrate  is  in  the  form  of 
trapped  waves  propagating  at  angles  larger  than  the  critical  angle.®  By  fabricating  the  antenna 
on  a  PBG  material  with  a  driving  frequency  in  the  stop  band,  no  power  should  be  transmitted 
into  the  PBG  material  and  all  power  should  be  radiated  in  the  free  space,  provided  there  are  no 
surface  modes. 

Brown  et  al.‘  demonstrated  this  concept  by  fabricating  a  bow-tie  antenna  on  their  3-cylinder 
PBG  crystal  and  found  a  complex  radiation  pattern  in  air.  They  improved  the  directionality  by 
placing  the  antenna  on  different  high  and  low-dielectric  surfaces.®’®  Cheng  et  al  measured  the 
dipole  radiation  pattern  on  the  layer-by-layer  PBG  crystal  and  found  the  pattern  to  be  stronglv 
dependent  on  the  position  of  the  dipole  in  the  unit  cell.  Kesler  et  al.^^  measured  the  radiation  of 
antennas  placed  on  top  of  two-dimensional  (2D)  and  three-dimensional  (3D)  PBG  materials  and 
found  insensitivity  of  the  antenna  patterns  when  the  dipole  was  raised  suflBciently  high  above  the 
surface. 

In  this  paper  we  measure  and  calculate  the  radiation  pattern  of  a  dipole  antenna  on  our  layer- 
by-layer  PBG  crystal.®  The  layer-by-layer  PBG  crystal  was  fabricated  by  stacking  alumina  rods, 
and  has  a  3-dimensional  stop  band  gap  between  12  and  14  GHz  with  an  attenuation  of  more  than 
40  db  within  the  stop  band.®  The  4  variables  controlling  the  antenna  radiation  pattern  are  1)  the 
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position  of  the  antenna  in  the  surface  unit  cell,  2)  the  height  of  the  antenna  above  the  surface,  3) 
the  orientation  of  the  antenna,  and  4)  the  driving  frequency. 

There  are  two  high  symmetry  positions  in  the  unit  cell  corresponding  to  the  antenna  either  in 
a  ‘solid’  position  on  top  of  the  rod  i.e.  intersection  of  the  1st  and  2nd  layer  rods,  or  ii)  in  the  void 
position  with  no  dielectric  rod  directly  beneath  it,  but  above  the  third  and  fourth  layer  rods.  At 
each  of  these  two  surface  positions  there  are  two  orientations,  corresponding  to  the  dipole  parallel 
or  perpendicular  to  the  first  layer  rods.  The  height  z  is  expressed  as  a  ratio  of  the  rod  diameter 
d  (d=0.318  cm).  Other  lower  symmetry  positions  in  the  unit  cell  were  not  found  to  have  any 
particular  advantage.  Experimentally,  the  minimum  height  of  the  dipole  above  the  top  of  the  first 
layer  rods  is  the  coaxial  feed  cable  radius,  corresponding  to  a  minimum  height  oi  zjd  th  0.53. 

Experimentally  a  Ku-band  synthesizer  generated  an  input  signal  that  was  divided  by  a  3 
db  hybrid  coupler  into  two  components  that  were  180‘’  out  of  phase.  Each  component  signal 
was  routed  through  adjustable  phase  shifters  and  50  ohm  coaxial  cables.  The  dipole  was 
fabricated  by  bending  the  center  conductors  of  the  two  coaxial  cables  and  minimizing  the  feed  gap. 
Measurements  were  performed  in  an  anechoic  chamber  wdth  an  HP8510B  network  analyzer,  with 
the  dipole  as  a  rotating  source  and  the  pyramidal  feedhorn  as  the  receiving  antenna.  Feedwires 
rotated  with  the  dipole,  to  minimize  electromagnetic  interference.  Exceptional  care  in  fabrication 
was  used  so  that  the  radiation  of  the  free  dipole  was  found  to  be  very  close  to  the  expected  result. 

The  FDTD  calculations  were  performed  for  a  finite  length  dipole  (1.6  cm)  and  utilized 
the  symmetry  of  the  crystal  to  reduce  the  computational  space  to  one-fourth  of  the  actual  PBG 
crystal  cell. 

2.  RESULTS 

For  the  dipole  above  the  first  layer  rod  with  its  center  at  the  intersection  of  the  rods  of  the  first 
and  second  layers,  at  its  minimum  height  {zfd  =  0.53),  both  experiment  and  FDTD  calculations 
predict  a  central  lobe  in  the  E-plane  and  a  broader  but  still  centrally  peaked  pattern  in  the  H- 
plane  (Fig.  2).  As  the  dipole  is  raised  [z/d  =  1,3  -  1.5)  the  E-plane  intensity  weakens  with 
two  side-lobes  developing  at  about  40“  to  the  normal.  The  H-plane  pattern  weakens  but  remains 
broad.  As  the  dipole  is  lifted  higher  {z/d  =  2.5),  both  the  E-plane  and  H-plane  intensities  decrease 
further,  with  a  central  lobe  and  2  side-lobes,  at  about  40“  to  the  normal.  The  weakening  radiation 
arises  from  a  phase  cancellation  between  the  direct  wave  and  the  wave  reflected  from  the  photonic 
crystal.  There  is  very  good  agreement  between  experiment  and  FDTD  calculation.  It  is  desirable 
to  place  the  dipole  close  to  the  surface  to  achieve  strong  central  peak  patterns. 

In  Fig.  2,  we  compare  the  intensity  patterns  for  three  different  frequencies  inside  the  PBG.  The 
dipole  is  above  the  first  layer  rod  with  its  center  at  the  intersection  of  the  first  and  second  layers 
and  z/d=0.  For  the  dipole  perpendicular  to  the  first  layer  of  rods,  we  get  the  maximum  intensities 
for  frequencies  close  to  the  upper  edge  of  the  PBG.  For  the  parallel  dipole  case,  however,  we  get 
the  maximum  intensities  for  frequencies  close  to  the  lower  edge  of  the  gap. 

We  find  that  that  antenna  patterns  become  insensitive  to  position  when  the  antenna  is  raised 
high  enough  above  the  substrate  (e.g.  zjd  >  3),  where  the  E-fields  are  uniform,  and  results  for 
void  and  solid  positions  are  similar.  This  is  in  agreement  with  previous  theoretical  studies. 

In  all  positions  there  is  virtually  no  power  propagating  through  the  PBG  crystal  with  all  radia¬ 
tion  emerging  from  the  front  side,  illustrating  the  PBG  crystal  behaving  as  a  perfect  dissipationless 
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Figure  ...1:  Measured  (A)  and  FDTD  calcuations  (B)  of  the  antenna  radiation  in  the  E-  and  H- 
planes  when  the  antenna  is  in  the  Perpendicular  solid  position.  The  three  sets  of  curves  correspond 
to  different  heights  z  of  the  antenna  above  the  top  of  the  first  layer  rod.  Heights  z  are  expressed 
as  a  ratio  z/d  where  d  is  the  diameter  of  the  dielectric  rod  (0.318  cm).  Experimental  uncertaintv 
in  z/d  is  approximately  0.1. 
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Figure  ‘  .2:  FDTD  calcuations  of  the  antenna  radiation  in  the  E-  and  H-planes  when  the  antenna 
is  in  the  solid  position  (either  parallel  or  perpendicular)  with  z/d=0.  Results  for  three  different 
frequencies  11.5,  12.5,  and  13.5  GHz  (solid,  dotted  dashed,  and  dashed  lines,  respectively)  lying 
inside  the  PBG  are  shown. 


reflector. 


3.  CONCLUSIONS 

The  antenna  pattern  for  a  dipole  antenna  on  the  surface  of  a  PBG  crystal  has  been  measured 
and  calculated  with  the  FDTD  method  for  different  surface  positions,  heights,  and  orientations 
of  the  dipole.  Within  the  stop  band  the  PBG  crystal  behaves  as  a  dissipiationless  reflector  and 
all  the  antenna  power  is  reflected  into  the  air  side. 

The  antenna  radiation  strongly  depends  on  the  position  of  the  dipole  antenna,  since  the  dipole 
radiation  depends  on  the  rapidly  varying  local  E-field  at  the  surface  of  the  photonic  crystal. 
When  the  dipole  is  raised  high  enough  above  the  surface  the  patterns  become  insensitive  to  dipole 
position,  since  the  E-field  is  uniform.  For  our  layer-by-layer  PBG  crystal  we  find  the  two  dipole 
orientations  directly  on  top  of  the  dielectric  rod  to  be  the  most  suitable  for  central  lobe  type 
of  patterns.  It  is  advantageous  to  have  the  dipole  placed  directly  above  a  dielectric.  At  several 
geometries  when  the  dipole  is  raised  above  the  surface  we  find  strong  lobes  in  the  H-plane  that 
may  be  useful  for  directional  antennas. 

There  is  good  agreement  between  the  measurements  and  the  FDTD  calculations  especially 
in  the  angular  dependence  of  the  patterns.  FDTD  simulations  can  be  used  as  a  powerful  design 
tool  to  optimize  antenna  patterns  on  any  photonic  crystal  surface.  Antennas  in  cavity  geometries 
may  be  designed  on  PBG  crystal  surfaces,  to  optimize  the  antenna  radiation.  PBG  crystals  have 
immense  potential  for  novel  microwave  and  miilimeter  wave  applications. 
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When  conducting  electromagnetic  (EM)  experiments,  it  is  sometimes  the  case  that  only  the  rnagrnmde  of 
the  desired  observable  is  easily  accessible,  e.g.,  when  the  power  balance  in  a  system  is  being 
Having  access  to  the  phase  in  such  cases  would  be  an  added  benefit,  however  ® 

complex  reflected,  absorbed,  and  transmitted  power  in  a  component  is  useful  for  tumng  and  other  pur¬ 
poses. 

Model-based  parameter  estimation  (MBPE)  using  rational  functions  has  been  demonstrated  to  1^ 
cablein  developing  a  simple,  analytic  representation  of  pole-hke  transfer  functions,  such  as  EM  fre¬ 
quency  responses  [Miller  (1996)].  Until  now,  this  MBPE  application  has 

die  parameter-estimation  process.  In  this  presentation,  we  explore  the  application  of  MBPE  to  ^ 
quency  transfer  functions  where  only  the  data  magnitude  is  available  and  the  goal  is  to  esaraate  the  com¬ 
plex  response,  a  problem  that  is  known  as  “phase  recovery”  in  optics.  The  approach  will  be  summa¬ 
rized  and  some  initial  results  will  be  presented  for  MBPE  phase  recovery. 

brief  review  of  MBPE 

MBPE  can  be  simply  described  as  “smart”  curve  fitting,  where  the  fitting  rnodel  (FM)  that  is  used  to 
smooth  or  fit  the  data  of  interest  is  based  on  the  physics  of  the  proWem  which  ge^rated  that  ^ 
“model-based”  part  of  MBPE.  The  parameters  of  MBPE  are  the  coefficients  of  ^  whose  numencal 
values  are  found  by  matching  the  FM  to  the  data,  the  “parameter-estimation”  part  of  MBPE. 

Two  complementary  FMs  that  have  widespread  utility  for  MBPE  applications  m  electroma^e^s  (EI^ 
are  series  of  exponentials  or  poles,  which  are  related  by  a  Laplace  transform.  These  particular  FMs 
be  used  to  represent  the  generic  EM  responses 

f(x)  =  fp(x)  +  fnp(x)  -  IRaexp(So,x)  +  fnp(x)  =  m(x)  +  fnp(x).  (D 

F{X)  =  Fp(X)  +  Fnp(X)  =  SR„/{X-s„)  +  Fnp(X)  =  M(X)  +  Fnp(X),a  =  1 . P  (2) 

where  “x”  and  “X”  are  the  independent  variables  in  the  exponential-  and  pole-senes  FMs,  respectively, 
and  the  and  are  the  FM  residues  and  poles,  which  are  complex  in  general.  The  exponential- 

series  FM,  m(x),  can  be  regraded  as  representing  a  general  waveform  of  which  a  specific  ex^ple  is  a 
transient  response.  The  pole-series  FM,  M(X),  can  represent  a  general  spectral  response  of  which  a 
specific  exaSiple  is  a  frequency  spectrum.  Thus,  Eqs.  (1)  an  (2)  can  be  conv^endy  descn^d  ^ 
waveform-domain  (WD)  and  spectral-domain  (SD)  responses  with  correspondmg  FMs  m(x)  and  M(X), 
respectively.  Since  the  WD  or  SD  response  of  interest  may  not  ^ly  descnted  by  m  exponenUaJ  or 
pole  series,  the  additional  terms  in  (1)  and  (2),  fnp(^)  included  to  allow  for  this  fact 

where  the  subscript  “np”  denotes  a  “non-pole”  contribution. 

Given  data  samples  from  either  f(x)  or  F(X),  it  is  straightforward,  at  le^t  con^pmally,  to  dwelop  a 
way  of  obtaining  the  coefficients  for  either  kind  of  data  and  FM  [Miller  ( 1995)].  Because  of  difficul^ 
caused  by  noise,  limited  data-sample  dynamic  range,  and  similar  issues,  actually  compuUng  the  rM 
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parameters  can  encounter  various  kinds  of  problems  that  enter  the  realm  of  signal  processing.  Th^e 
will  not  be  discussed  further  here,  as  we  instead  focus  instead  on  outlining  use  the  SD  FM  for  modeling 
magnitude-only  data. 


USING  MBPE  FOR  PHASE  RECOVERY 

First,  observe  that  there  are  several  variants  of  SD  parameter  estimation,  depending  on  the  specific  prob¬ 
lem  circumstances  [Brittingham  et  al.  (1980)]. 

1)  If  the  poles  comprising  Fp(X)  are  unconstrained,  then  a  P-poIe  spectrum  would  require  2P 
complex  samples  of  F{X),  at  a  minimum,  for  the  2P  complex  parameters  represented  by  P  complex 
residues  and  P  complex  poles,  to  be  obtained. 

2)  When  the  residues  and  poles  occur  in  conjugate  pairs,  as  is  the  case  for  EM  responses,  .then 
the  number  of  required  data  samples  can  be  halved,  if  knowledge  that  the  parameters  are  complex  conju¬ 
gates  can  be  exploited.  It  turns  out  for  this  particular  situation,  that  the  coefficients  of  the  numerator  and 
denominator  polynomials  obtained  by  expanding  the  pole  series  in  (2)  in  common-denominator  form 
become  pure  real,  thus  halving  the  number  of  real  unknowns  and  requiring  P  complex  samples  of  r(X). 

3)  A  further  variation  arises  when  using  magnitude-only  samples  of  F(X)  are  used  in  the 
parameter-estimation  step.  We  then  obtain 


p-1 


—  ^  Rl 


n(x-2„){x-  z„)' 


0=1 


“a=1  Sa)  J^(X  -  S„)(X  -  Sj* 


D2P  (X) 


0=1  (3) 

where  the  7.^  are  zeros  of  the  numerator  polynomial,  which  depend  on  the  poles  and  residues  together, 
and  ap.-j  is  a  normalizing  parameter.  The  number  of  unknowns  is  doubled  when  squaring  the  FM,  with 

the  poles  and  zeros  reflecting  about  the  jco  axis.  Valid  poles  and  zeros  are  those  having  negative  real 
parts,  however,  so  that  upon  factoring  the  numerator  and  denominator  polynomials,  only  those  roots 
having  negative  real  parts  are  retained.  Thus,  the  real  and  imaginary  parts ,  or  the  magnitude  and  phase, 

of  Fp  (X),  can  be  estimated  from  ~  4P  real  samples  of  IFp  (X)|2. 


As  also  can  happen  in  implementing  approaches  (1)  and  (2),  a  potential  difficulty  arises  here  in  that  it’s 
only  feasible  to  use  a  relatively  small  number  of  poles  and  zeros  in  the  FM  since  the  matrix  being  solved 
to  obtain  its  parameters  becomes  increasingly  ill-conditioned  with  increasing  R  This  means  that  it’s  nec¬ 
essary  to  window  the  data  being  modeled  which  results  in  some  ambiguity  in  the  FM-parameter  vdues. 
This  is  because  the  data  in  a  given  frequency  window  is  affected  by  poles  and  zeros  lying  outside  it  and 
the  data  rank  (i.e.,  P)  is  itself  ambiguous  [l^ler  (1995)].  Finally,  modeling  in  the  SD  has  its  primary 
goal  that  of  providing  an  acceptable  match  to  a  transfer  function  between  its  data  samples,  which  doesn’t 
require  that  the  poles  and  residues  (or  zeros)  even  be  computed,  nor  imply  how  accurate  they  should  be 
if  they  were  computed.  For  the  phase-recovery  application,  however,  the  poles  and  zeros  are  needed, 
since  otherwise  those  arising  from  squaring  the  complex  transfer  function  can  not  be  identified  and 
removed.  These  issues  will  be  discussed  in  the  presentation. 
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Abstract 

A  new  Real  Time  Adaptive  Error  Correcticm  Scheme  for  use  in  Packet  Radio  network  over 
noisy  time  varying  channels  has  been  investigated.  Different  rate  codes  are  suggested  on  an 
adaptive  manner  for  an  efficient  transmission,  based  on  the  link  quality  in  the  networic.  The 
prc^x)sed  scheme  is  shown  to  provide  better  throughput  performance  th^  foe  fixed  rate  error 
correctimi  schemes,  and  foe  conventicHial  diversity  systems. 

Introduction  ; 


Highly  reliable  and  efficient  data  transmissicm  over  land  mobile  charmels  is  complicated 
and  problematic  due  to  its  time  varying  nature.  The  time  varying  characteristics  results  in  variable 
rate  Rayleigh  foding  due  to  multipath  reflecticms  and  time  dispersions.  These  in  turn  causes 
multiple  random  and  burst  errors  resulting  in  umeliable  cCMTununicatirm.  The  aim  of  a  Packet 
Radio  Network  is  to  achieve  a  high  throughput  at  desirable  levels  of  bit  error  performance,  using 
available  bandwidth  and  at  acceptable  complexity. 

Several  systems  are  available  to  protect  the  data  over  the  time  varying  diannels.  These 
utilize  foe  focilities  like  channel  quality  estimates,  feedback  links,  and  the  availability  of 
independent  multi  channels  (  diversity  systons  ).  Whm  these  facilities  are  not  available  as  in  a 
typical  packet  radio  network,  foe  protection  of  the  data  in  the  time  varying  channels  beccanes  very 
difficult.  The  possible  solution  is  to  go  for  Forward  Error  Correcticm  ( FEC  )  sch^nes.  In  order  to 
substantially  improve  the  aid-to-aid  bit  error  rate  of  the  transferred  message  oae  must  carefully 
consider  the  noise  and  foding  process  in  question.The  land  mobile  radio  channel  used  for  packet 
radio  network  is  characterised  by  fodings  of  Rayleigh  type.  The  foding  prcx:ess  causes  bursts  of 
errors  to  ^pear  with  varying  fi-equency  and  duration,  in  the  received  data  stream.  For  a  typical 
time  dispersion  of  the  order  of  10  miUisecxmds  encountered  and  for  a  transmission  rate  of  16  Kbps 
a  burst  error  of  160  bits  laigth  are  ccnnmon. 

To  maximize  the  throughput  of  the  system,  the  ctode  rate  has  to  be  maximized 
(  i.e  redundancy  has  to  be  minimized  ).  For  this  one  may  have  to  select  a  code  that  performs  an 
averaging  function,  spreading  out  the  effects  of  the  cieep  fedes  over  the  rest  of  foe  signal. 
[  1,  2  ].  The  (Objective  is  foe  minimization  of  the  variance  of  the  number  of  errors  occuring  in  a 
code  word  for  redundancy'  is  w’asted  if  seme  ctode  words  racounier  a  large  number  of  errors  while 
others  eoctounter  none.  The  averagir^  functiem  can  be  achieved  through  foe  selection  of  codes  with 
very  long  ccxie  words.  Cemsidering  a  16  Kbps  channel,  a  typical  vehicle  speed  of  say  40  Km/hr  and 
a  earner  fiequency  of  60  MHz  the  fiuie  rate  is  calculated  to  be  of  the  order  of  4  Hz  .  Then  a  code 
loigth  of  4000  bits  or  more  must  be  selected  to  average  out  foe  effects  of  fading  process.  Givoi  an 
average  BER  of  1  x  10‘^  or  more  the  ccxie  has  to  correct  a  large  amount  of  bit  errors  also.  As  the 
hardware  complexity  is  a  direct  functiem  of  code  length  and  the  number  of  errors  to  be  corrected 
foe  system  to  meet  the  above  requiremoits  will  be  complex.  Therefore  the  scheme  designed  to  cater 
for  foe  worst  case  error  exmditions  of  the  channel  will  be  complex  and  in  addition  results  in  a  pcx>r 
average  throughput  efficiency  of  the  systems  in  normal  cemditions  [  3  ].  Therefore  it  is  a  must  to 
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have  an  adaptive  forward  error  correction  scheme  to  provide  as  high  a  throughput  as  possible  with 
available  bandwidth  and  allowed  complexity. 


Real  Time  Adaptive  Forward  Error  Correction  Schemej 

By  monitoring  the  channel  in  some  way  it  is  possible  to  adjust  different  transmission 
parameters ,  such  as  the  power ,  and  /  or  the  transmission  rate  ,  so  as  to  match  the  transmission  to 
the  prevailing  channel  (XMiditions  [  4-8  ].  In  this  pr^r  a  Real  Time  Ad^tive  Forward  Error 
CorrectHxi  Scheme  is  prc^posed  for  an  efficient  and  reliable  data  transmissimi  using  Packet  Ra^o 
Network  in  which  most  of  the  nodes  may  be  mobile  nodes  which  are  afGs^  by  the  ti^-varying 
filling  channels.  The  sdbone  makes  use  of  the  availability  the  Radio  diannel  link  quahty 
information  between  each  node  in  the  network.  The  information  regarding  the  link  quality  is  used  at 
the  transmitting  iKxie  to  adaptively  encode  die  data  porticm  of  the  packet,  for  transmissKxi  from 

that  node.  So  different  rate  FEC  codes  are  used  at  different  instant  of  time  depending  upon  foe  link 

quality  at  foe  tinie  of  transmissim.  It  is  assumed  that  the  channels  are  of  equal  transmissiOT  rate 
( BW  )  between  each  node  and  the  total  transmitted  power  are  the  same  for  differoit  transmissions. 
Unlike  conventional  scheme  which  uses  a  fixed  ( low  )  rate  error  correction  system  the  proposed 
scheme  uses  fixed  length  codes  and  variable  Imgfo  informaticxi  in  each  code  word.  The  number  of 
informaticm  bits  in  each  code  word  is  based  (Hi  the  link  quahty  estimation  and  it  is  this  that  gives 
foe  adaptive  nature  of  the  scheme. 

It  will  be  appreciated  that  foe  link  quality  estimation  is  an  essential  part  of  foe  system. 
Such  units  are  employed  in  a  number  of  existing  practical  communication  systems  operat^  over 
facing  time  varying  channels.  This  may  involve  complex  hardware  for  link  quality  estimation. 
However  in  foe  case  of  a  packet  radio  network  foe  link  quality  between  each  node  are  estimated 
already  for  the  purpose  of  selecting  the  best  link  for  a  destinati(Hi  node  which  may  have  many 
neighbours  of  the  same  tier  from  a  transmitting  node.  This  available  information  itself  can  be  used 
for  the  real  time  adaptive  FEC  s(foeme  and  no  extra  link  quality  estimaticHi  is  required  .  The  error 
c(Hitrol  fwwting  for  the  data  portirni  of  foe  padcet  can  be  d(Hie  using  a  suitable  c(xle  based  on  foe 
link  quality.  The  link  (piality  information  can  be  included  as  cme  of  the  field  in  the  header  of  the 
packet.  This  information  can  be  used  at  foe  receiver  to  select  foe  corrert  code  for  decoding.  It  is 
assumed  that  the  header  of  foe  packet  is  protected  from  error  by  a  separate  powerful  fixed  ( low ) 
rate  FEC  ccxle. 


System  Analysis  : 


Let  it  be  assumed  that  foe  estimates  of  the  diannel  qualities  are  updated  pen(xii(ally.  The 
estimates  will  be  based  oa  the  received  energy  per  bit  to  noise  ratio  measurem^t .  Let  Pi,  P2 « 

pj _ be  foe  estimates  during  “  m”  time  periods  ( i.e  during  m  packet  transmission  periods  ). 

Let  this  be  denoted  as 


^  ‘  No 


(1) 


where  a  i  is  foe  attenuation  foctor  during  i  *  packet  transmission  period,  E  b  is  the  transmitted 
energy  per  bit  and  No  is  the  power  spectral  density  of  the  noise  which  is  assumed  to  be  AWGN.  It 
is  assumed  that  foe  estimates  ,  Pi ,  remains  ccmstant  during  one  adaptation  peritxl  i.e  during  foe 
transmission  of  CHie  packet  period  .  That  is 
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Pi  =  constant 


for  mt  <  t  ^  ( m  +  1 )  T 


(2) 


where  T  is  the  time  for  one  packet  transmission.  Based  on  pj ,  let  ri  redundant  bits  be  added  as 
chedc  bits  to  k  j  information  bits  during  the  i  *  packet  transmission  .The  set  of  informaticm  bits  k  j 
^  check  bits  ti  constitute  an  (  n  ,  k  i )  error  correcting  code  ,  where  n  =  (  k  i  +  r  j  )  for 

^ 2  . . >  capable  of  correcting  all  error  patterns  of  weight  ti  .  The  overaU  purpose  is  to 

mininuze  die  system  residual  bit  error  rate  and  improve  the  overall  system  throughput  rate  R.  The 
throug^ut  is  defined  as  the  ratio  of  the  number  of  information  bits  to  the  total  number  of  bits, 
transmi^  per  unit  time.  In  this  case  the  system  throughput,  R  ,  (  for  the  data  portion  of  the 
packet  is  ctmcemed )  during  transmission  of  “m”  packets  is  given  by 


R  = 


n .  m 


(3) 


If  Pi  is  the  residual  decodmg  bit  error  probability  during  the  i*  packet  transmission  the  average 
residual  bit  error  probability  at  the  system  ou^ut  for  the  transmission  of  m  packets  is  givrai  by 


^e,m  = 


^  m 
VI=1 


/  K 


(4) 


where 


K  = 


m 


Ski 

i=l 


The  main  objective  of  die  Real  time  adaptive  FEC  scheme  will  be  to  select  the  set  {  k  i  } 
which  minimizes  the  residual  error  probability  P,, « .  In  other  words  the  goal  is  to  determine  the 
optimum  set  { k  i }  as  a  fiinctiGn  of  the  set  { Pi }  to  maximize  the  system  average  throughput  R. 

To  evaluate  the  average  residual  bit  error  probability  the  values  of  pi’s  should  be  known. 

correcting  code  of  block  length  “n”,  operating  over  a  random  error  channel  the 
probabihty  of  correct  decoding  of  a  code  word  is  given  by 

^c=.S^“ci  q'(l-q)"~*  (5) 

where  q  is  the  channel  transition  probability  .  This  channel  transition  probabuity,  q  can  be 
cal^lated  fiom  the  knowledge  of  the  signals  and  modulation  technique  used,  the 
probability  distribution  of  the  noise  and  the  output  quantization  threshold  of  the  demodulator.  The 
probability  that  a  decoded  codeword  wiU  be  in  error  is  given  by 

Pe  =  1-P.  (6) 

In  general  the  relationship  between  P  e  and  pi  depends  on  the  structure  of  the  code  word 
used.  There  are  many  approximation  for  the  residual  bit  error  probabUity  in  terms  of  the  codeword 


error  probability  ,  [  10,  11  ],  If  the  number  of  information  bits  is  reasonably  large  thai 
pi  =  (1/2)  Pe  as  a  worst  case.  This  approximaticm  pi  =  (1/2)  Pe  is  used  in  this  paper. 

For  given  type  of  error  correctirm  codes  the  set  {  k  j }  determines  the  set  { t  { }  and  for  a 
givOT  (Pi)  the  correspcmding  set  of  channel  transition  probabilities,  {  q  i } ,  are  determined  by 
the  modulaticHi  technique  used.  The  set  { 1 1  }  and  the  set  {  q  i }  determine  the  residual  bit  error 
probability  {  pi }  of  the  syst^n  during  a  givoi  packet  transmissicm . 


Using  U,  T  and  Q  to  domte  the  vectors  whose  elements  are  k  i ,  1 1  and  q  \  respectively, 
then  the  expression  for  the  syston  residual  bit  error  probability  P  • ,  ■  given  in  equation  (4)  can  be 
modified  as 


iEi 

2 


t. 

1-  Z 

j=0 


n 


Ci 


qj  (1-qi)"-' 


(7) 


Since  for  a  given  code  length  the  vector  T  is  related  to  and  fully  determined  by  the  vector 
U,  (me  of  them  can  be  ejqrressed  in  terms  of  the  other  in  the  argument  ofP.,.  in  equaticm  (7)  .  Also 
since  Q  is  mathonatically  related  to  the  vector  V  of  Pi’s  the  analysis  of  the  bit  error  probability  in 
equaticm  (7)  can  be  carried  out  in  terms  of  “  U  ’’and  “  V  ”  vshich  is  more  amveaient.  The  aim  fiien 
will  be  to  find  out  the  information  vector ,  U,  as  a  functicm  of  the  Bit  Error  Rate  (  BER  )  vector , 
Q.  So  that  the  average  residual  bit  error  probability  is  minimized  subject  to  the  limitation  that 
througiqrut  R  is  maximized. 

The  chaimel  over  which  the  packets  are  transmitted  can  be  considered  to  be  slowly  - 
varying  Rayleigh  fading  channel  that  is  subjected  to  AWGN.  Here  slowly  varying  means  the  signal 
&de  level,  and  hence  ihe  received  signal  energy,  remains  ccmstant  over  the  period  of  (me  packet 
duration  which  can  be  die  duration  of  a  code  word  and  this  level  may  vary  during  die  next  padcet 
transmission  following  Raylei^  distributicm.  Then  the  Pj ’s  will  have  the  probability  d»isity 
functicm  given  by 

Pp(P)  =  (W  P’)  eip(.p/r)  forp^O  (8) 

where  P’  is  the  average  per  bit  signal  to  noise  ratio.  Then  the  probability  density  functirm 
associated  with  the  vector  constituted  by  the  Pi’s  over  m  number  of  packet  transmissicm  is  givai 
by 


Pv  (V)=  n  —  exp 
i=l  P’ 


N 

P. 


P 


for  p  ^  0 


(9) 


Therefore  the  overall  average  bit  error  prribability  of  the  system  is  given  by 


—  QD  CO 


p.=/  J. 

0  0 


fl*e,mIU.VlPy  (V)dv 


(10) 
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and  the  aim  is  to  minimize  the  equatiOT  (10)  subject  to  the  constraint  that 


For  a  given  estimate  of  V  obtained  from  the  channel  quality  monitor  a  set  of  say  N  codes 
are  selected  which  wiU  minimize  the  IU,V]  and  hence  the  equation  (9).  Depojding  on  the 
estimate  of  V  one  of  the  code  belonging  to  the  set  of  N  codes  is  selected  during  a  particular  packet 
transmission . 

In  order  to  properly  decode  a  received  code  vector  the  decoder ,  in  this  case  ,  should  know 
vkhich  code  is  used  during  that  particular  transmission.  The  infr)nnation  regarding  the  code  used  for 
data  porticm  of  the  packet  is  passed  (m  to  the  receiver  in  the  header  portion  of  the  packet.  The 
header  being  comparatively  very  small  than  the  data  portion,  the  header  can  be  protected  from 
errors  by  using  an  ^propriate  ( sq>arate)  code  and  hence  the  reliability  of  the  system  can  be  made 
as  high  as  needed. 

In  ^  paper  a  class  of  Linear  block  codes  is  used.  But  the  application  of  the  idea  of  Real 
time  adaptive  FEC  is  iwt  restricted  to  this  class.  This  class  is  selected  here  because  of  their 
simplicity  and  availability  of  large  range  of  information  bits  for  a  given  code  word  length  n  . 
The  process  of  error  nunimization  referred  to  earlier  involves  first  seiectiiig  the  appn^riate  codfs 
for  a  pveo  range  of  channel  signal-to-noise  ratio  ( in  terms  of  E  ^  /  N,  )  and  channel  BER  .  Next 
allocatirm  of  appropriate  code  during  different  packet  transmissicm  depending  on  the  channel 
quality  information  (  ft ).  This  involves  allotting  a  high-rate  code  during  best  channel  condition  and 
lowest-rate  code  during  worst  case  channel  condition.  A  set  of  four  codes  are  chosen  and  the  codes 
in  the  form  (  iMc,t  )  are  (  24,00,00  )  ,  (  24,08,05  )  ,  (  24,12,03  )  and  (  25,15,02  ).  For  E^  /  N  , 
values  of  0  to  2  dB  the  code  (  24,00,00  );  for  values  2  to  6  dB  the  code  (  24,08,05  );  for  values  of 
6  to  10  dB  the  code  (  24,12,03)  and  for  E  b  /  N  o  values  of  10  dB  and  above  (  24,15,02)  code  are 
used  during  the  packet  transmission. 

Results : 

The  performance  of  the  Real  Time  Adaptive  FEC  scheme  has  been  analysed  numerically 
for  diffei^t  values  of  E  b  /  N  o  .  It  is  assumed  that  the  transmissicHi  power  during  eadi 
transmission  is  the  same.  The  performance  has  been  compared  with  a  system  using  fixed  rate  code 
for  all  transmissicm  irrespective  of  foe  channel  quality  i.e.  designed  for  worst  case  condition.  The 
system  performance  is  shown  in  figure  .  It  can  be  seen  that  the  system  throughput  is  high  in  the 
case  of  the  Real  Time  Ad^tive  FEC  scheme  for  the  same  value  of  E  b  /  N  o  and  for  a  required 
value  of  error  rate.  The  improvement  can  be  even  hundred  percent.  The  system  has  also  been 
compared  with  a  multi  channel  ( L  )  maximal-ratio  combining  (  MRC  )  diversity  system.  The 
advantage  of  Real  Time  Adaptive  FEC  scheme  is  that  it  is  better  able  to  take  account  of  those 
periods  when  the  channels  are  good  than  is  a  diversity  systen,  whose  rate  is  fixed  at  1  /  L  where  L 
is  foe  number  of  channels  used  [  9  ].  This  advantage  is  important  in  practical  systems.  For  example 
in  foe  case  of  speech  communication  system  where  a  BER  of  10  "  is  acceptable,  foe  multichannel 
diversity  system  requires  atleast  4  dB  more  E  b  /  N  o  than  foe  proposed  system  for  th?t  BER. 
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Conclusion : 

A  new  Real  Time  Adaptive  Forward  Error  Correction  has  been  proposed  for  use  in  Padcet 
Radio  network.  The  advantage  over  the  fixed  code  rate  system  arises  mainly  ^  to  the  feet  that 
when  the  cbannftl  is  highly  noisy,  low  rate  code  is  used  feim  when  the  channel  is  less  noisy.  It  has 
been  shown  that  for  a  given  E  b  /  N  o  range  and  required  residual  BER  the  throughput  is  higher 
than  in  the  case  of  a  fixed  code  rate  system  and  conventional  diversity  systons. 


FIG :  Performance  of  Real  Time  Adaptive  FEC  Scheme 

1  Fixed  Rate  Code  System  (  24,  08, 05  ) 

2  Real  Time  Adaptive  FEC  Scheme 
3,4,5  MRC  Diversity  System. 
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ABSTRACT: 

Spread  Spectrum  technology,  originally  developed  for  covert  and  interference  resist^t 
communications,  has  now  become  one  of  the  significant  enabling  technologies  for  high  density 
cellular  telephone  communications  and  for  wireless  computer  local  area  networks.  One  spreading 
modulation  technique,  known  as  direct  sequence  spread  spectrum,  involves  convolving  the  digital  data 
stream  with  a  much  higher  rate  pseudo-random  sequence  as  a  ph^e  modulation.  This  cornbmed 
waveform,  spread  over  a  wide  spectrum  but  with  a  correspondingly  lower  spectral  density,  is 
transmitted  to  a  receiver  that  carries  out  a  matched  de-convolution  to  extract  the  original  data  stream. 
The  focus  of  this  study  is  to  replace  the  convolution  process  with  a  switching  process  between  multiple 
antennas. 

This  technique  will  generate  receivable  spread  spectrum  signals  at  very  geographically  specific  points, 
but  will  present  a  reduced  coherence  at  other  points.  The  implication  of  the  approach,  beyond  the 
obvious  use  for  secure  communications,  is  that  the  potential  exists  to  reduce  the  mutual  interference 
between  fixed  geographical  locations,  and  to  operate  general  communication  systems  at  a  lower 
spectral  density  than  would  otherwise  be  practical.  Initial  investigation  of  this  techmque  has  been 
done  through  computer  simulation  using  the  HP-EEsof  Series  FV  software  package  running  on  UNIX 
workstations.  The  simulation  consists  of  a  single  array  of  two  transmitting  antennas  separated  by  a 
quarter  wave  distance  and  in  line  with  a  single  receiver  which  are  switched  by  a  data  sequence.  It  is 
demonstrated  that  the  coherence  of  the  signal  peaks  at  the  receiver  and  decays  rapidly  with  the  distance 
from  the  receiver.  Applications  and  variations  of  this  technique  to  practical  wireless  systems  are  also 
discussed. 


INTRODUCTION: 

Similar  to  the  Direct  Sequence  Spread  Spectrum  (DSSS)  systems,  the  spatial  modulation  technique 
relies  on  the  phase  angle  of  a  carrier  waveform  to  relay  data  across  the  wireless  link.  Unlike  DSSS 
where  the  modulating  sequence  is  directly  mixed  with  a  carrier  signal  to  generate  the  phase 
modulation,  Spatial  Modulation  relies  on  an  array  of  transmitting  antennas  to  produce  the  desired 
effect.  The  antennas  are  placed  in  such  a  way  as  to  produce  a  carrier  signal  with  a  different  phase  for 
each  antenna.  The  modulation  is  implemented  by  using  the  modulo-2  (exclusive  OR)  sum  of  the  data 
sequence  and  the  pseudonoise  (PN)  to  control  which  antenna  transmits  at  a  time.  Although  the 
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antennas  all  transmit  at  the  same  carrier  frequency,  the  switching  of  the  antennas  produces  a  resultant 
signal  that  appears  to  have  a  wideband  spectrum. 

For  the  purposes  of  our  initial  investigation,  an  array  of  two  antennas  placed  XI2  apart  were  used  to 
represent  the  transmitters  and  a  single  receiver  antenna  was  placed  in  the  far-field  on  axis  with  the 
transmitting  array  (see  Figure  1).  At  the  receiver  location  a  matched  deconvolution  is  performed  and 
the  original  data  sequence  is  recovered.  As  the  location  deviates  from  the  axis  the  coherence  of  the 
signal  is  expected  to  decay  due  to  improper  phase  modulation. 

yi  Far  Field 

X  < - >  X  o 

\  /  I 

Transmitters  Receiver 

FIGURE  1 

The  situation  becomes  more  complicated  with  the  introduction  of  a  large  antenna  array.  After  the 
location  of  the  receiver  antenna  has  been  determined,  each  antenna  would  be  driven  with  a  controllable 
phase  angle  an  a  PN  sequence  used  to  select  which  of  the  several  antennas  is  transmitting  at  any  given 
point  in  time.  There  are  of  course  several  different  radio  architectures  which  could  be  implemented 
using  this  technique. 


SIMULATION: 

The  HP-EEsof  series  FV  software  was  used  to  simulate  the  previously  described  situation  where  two 
transmitting  antennas  are  placed  180  degrees  {VI)  out  of  phase  with  respect  to  each  other  and  the 
receiver  antenna  is  in  the  far-field.  The  OMNISYS  system  simulator  was  used  to  layout  the  schematic 
of  the  desired  system  as  well  as  to  run  the  discrete  time  test  bench  simulation. 

The  schematic  layout  in  Figure  2  shows  the  internals  of  the  simulated  system.  It  consists  of  a  linear 
feedback  shift  register  with  maximal  taps  of  {20,  3}  used  to  produce  a  20  bit  PN  sequence  of  length 
2^°  -  1. [Dixon,  1994]  An  exclusive-OR  gate  was  used  to  modulo-2  add  the  data  and  the  PN  sequence 
resulting  in  the  switch  controlling  sequence.  A  single  pole  double  throw  switch  is  used  to  select 
which  of  the  two  transmitting  antennas  will  emit  the  carrier  signal.  The  transmitter  antennas  are 
“linkt”  elements  with  gains  specified  to  be  0  dB.  The  phase  shifts  of  0  and  180  degrees  expected  as 
resultant  of  transmitter  locations  were  used  to  specify  the  phase  shifts  caused  by  the  “linkt”  elements. 
The  receiver  antenna  was  also  specified  to  have  a  0  dB  gain  and  a  phase  shift  of  0  degrees.  The 
received  signal  is  mixed  with  a  local  carrier  to  downconvert  the  incoming  signal  to  basedband 
frequencies.  For  simplicity,  the  PN  sequence  used  for  the  transmitter  was  directly  used  to  despread  the 
received  signal  by  the  use  an  exclusive-OR  resulting  in  the  desired  data  sequence.  Of  course  in  a 
practical  system,  the  PN  sequence  would  have  to  be  locally  generated  and  synchronized  with  the 
transmitted  sequence.  Severd  ports  were  used  to  inject  various  signals  such  as  the  RF  carrier  tone, 
data  sequence,  and  the  PN  clock  as  well  as  for  the  purpose  of  making  measurements. 
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Figure  2 


This  schematic  was  imported  into  the  test  bench  and  the  ports  of  the  element  were  connected  as  shown 
in  Figure  3.  Port  4  was  used  to  inject  the  clock  for  the  PN  generator  which  was  set  to  have  a  period  of 
.01ns.  A  data  source  provided  by  the  program  was  configured  to  have  a  Ins  period  and  was 
differentially  encoded  before  being  applied  to  port  6  of  the  schematic.  Differential  encoding  and 
decoding  was  used  to  provide  coherent  detection  of  the  transmitted  signal.  This  eliminates  the  phase 
ambiguity  of  the  received  signal.  In  order  to  interface  with  the  encoder  and  decoder  elements  some 
signal  level  shifts  were  performed  through  Logic_to_NRZ  and  NRZ_to_Logic  elements.  RF_1  tone 
elements  were  used  to  provide  the  transmitter  and  receiver  carrier  waves  through  ports  2  and  5 
respectively.  Port  1  was  the  output  of  the  schematic  and  all  other  ports  were  made  available  for  system 
analysis. 


Figure  3 

The  simulation  was  initiated  and  the  resulting  waveforms  were  captured.  Figure  4  shows  the  input 
NRZ  (polar)  data  stream  that  was  fed  into  the  system  and  Figure  5  was  the  data  waveform  captured  at 
the  output  of  the  system.  As  can  be  seen  the  output  waveform  at  the  desired  location  follows  the  input 
data  stream,  and  the  PN  sequence  has  been  removed. 
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EXTENSIONS: 

This  paper  has  illustrated  the  principle  of  spatial  modulation  to  achieve  geographically  focused  spread 
spectrum  modulation.  In  order  to  set  the  foundations  for  future  investigation,  a  canonical  model  was 
analyzed.  However,  the  greatest  potential  for  the  technique  lies  in  the  extension  to  multiple  radiator 
scenarios. 

There  are  two  obvious  extensions,  each  involving  numerous  radiators  randomly  placed  within  a 
cluster.  Each  case  benefits  firom  the  focusing  of  decodable  communication  to  within  a  defined  area. 

Cluster  /  cluster  communications 

In  this  situation,  transmission  modulation  occurs  by  phase  and  amplitude  modulation  of  a  number  of 
radiators  that  are  randomly  placed,  but  grouped  together  in  a  cluster.  The  reception  is  performed  by  a 
second  cluster  of  antennas,  that  may  be  contiguous  with  the  transmitting  cluster,  or  may  be  far 
removed. 

In  either  case,  the  transmission  modulation  pattern  is  optimized  to  minimize  the  intelligibility  of  the 
radiation  beyond  the  boundaries  of  the  target  reception  area.  The  reception  array  is  designed  to  sum 
the  incident  signals  during  the  demodulation  and  correlation  processes. 

The  most  obvious  applications  of  this  techmque  are  for  jam-resistant  communications,  and  for 
minimum  intercept  communications. 

Cluster  /  point  communications 

Transmission  modulation  is  carried  out  as  in  the  previous  case,  but  with  the  additional  criterion  that  the 
intelligibility  of  the  transmitted  information  is  highly  focused  at  a  single  point,  at  the  same  time  as 
minimizing  the  intelligibility  in  all  other  regions.  Of  the  two  discussed  extensions,  this  is  the  simpler 
to  implement. 
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There  are  two  sub-classes  of  this  technique; 

a)  Communication  to  a  single  point  within  the  geographical  boundary  of  the  cluster.  Far  field 
radiation  beyond  the  cluster  falls  off  rapidly,  allowing  frequency  re-use  to  be  deployed  on  a  denser 
basis  than  would  otherwise  be  possible.  Applications  lie  in  increasing  the  overall  spectral 
efficiency  of  urban  communication  systems,  such  as  CDMA/PCS. 

b)  Communication  to  a  single  point  far  removed  from  the  cluster.  Again,  far  field  radiation  falls  off 
rapidly,  but  the  intelligible  signal  is  focused  at  a  single  distant  point.  This  characteristic  can  be 
beneficially  used  in  rural  wireless  telephone  communications,  where  frequency  allocations  are 
scarce,  but  the  “spill  over”  from  one  distant  zone  to  another  distant  zone  frequently  reduces  the 
benefits  obtainable  from  the  frequency  re-use.  In  this  application,  the  spatial  modulation  technique 
combines  the  benefits  of  CDMA  modulation  with  the  advantages  of  aperture  synthesis,  again,  to 
increase  the  ultimate  data  carrying  capacity  of  the  available  spectrum. 

The  two  cases  illustrate  some  of  the  potential  to  be  derived  from  further  analysis  and  extension  of  the 
concept  of  combining  spatial  modulation  with  spread  spectrum  technology.  As  the  demand  for 
spectrum  becomes  more  pressing,  a  natural  migration  of  this  technology  to  the  commercial  arena  can 
be  expected. 
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Abstract 

This  paper  presents  a  brief  introduction  to  using  time-frequency  and  time-scale  methods 
for  signal  analysis.  The  basic  characteristics  of  the  spectrogram,  Wigner-Ville  distribu¬ 
tion,  reduced  interference  distribution,  and  wavelet  representations  are  presented.  These 
techniques  offer  additional  insight  compared  with  traditional  Fourier  analysis  when  working 
with  non-stationary  signals. 


1  Introduction 

Electromagnetic  scattering  signals  have  been  analyzied  using  time-frequency  transformations  [11] 
and  time-scale  transformations  [9]  to  obtain  insights  into  signal  characteristics  that  are  not  obvious 
using  traditional  Fourier-based  frequency  domain  analysis.  These  newer  techniques  are  particu¬ 
larly  useful  when  dealing  with  non-stationary  signals  or  when  considering  dispersive  materials  or 
structures. 

The  shortcomings  of  regular  Fourier  analysis  can  be  illustrated  by  considering  two  signals 
taken  from  the  WaveLab  toolbox  [Ij.  The  first  signal  is  a  linear  chirp  with  a  frequency  increasing 
linearly  with  time.  Figure  1  shows  a  portion  of  this  waveform.  This  can  be  generated  in  Matlab 
using 


t  =  (  1  :  512  )  /  512  j 

X  =  sin  (  pi  *  (  512  +t/2)  .*t)  ; 

The  second  test  signal  consists  of  three  components:  a  high  frequenc}’’  sinusoid,  a  linear  chirp, 
and  a  quadratic  chirp.  This  waveform  is  show  in  Figure  2.  The  Matlab  definition  for  this  signal  is 

t  =  (  4  :  512  )  /  512  ; 

X  =  sin  (  pi  ♦  (  512  *  .6902  )  *  t  )  ... 

+  sin  (  pi  ♦  (  512  *t/8)  .♦t)  ... 

+  sin  (  pi  *  (  512  *  (  t  t  )  /  2  )  .♦  t  ); 
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Figure  1:  Linear  Chirp  Waveform 


Figure  2;  Three  Component  Waveform 


The  major  difficulty  with  these  signals  is  the  spectra  changes  as  time  advances.  Figure  3  shows 
the  magnitude  of  the  Fourier  transform  for  these  two  signals,  using  the  relationship 

X{f)  =  x{r)e-^^^f^dT 

Joo 

or  the  discrete  equivalent 

N 

m=l 


Figure  3:  Magnitude  of  Fourier  Transforms 

It  is  important  to  remember  the  Fourier  transform  is  a  complete  representation  of  the  signal, 
and  the  inverse  transform  will  exactly  reproduce  the  original  waveform.  The  problem  is  a  magni¬ 
tude  plot  only  provides  part  of  the  story  —  the  transform’s  phase  contains  significant  information 
which  may  be  difficult  to  decipher. 

2  Spectrogram 

The  simplest  way  to  characterize  a  time-varying  signal  is  to  take  multiple  Fourier  transforms, 
each  giving  a  snapshot  of  the  signal.  The  spectrogram,  or  short-time  Fourier  transform  (STFT), 
is  generated  by  centering  a  window  at  the  time  of  interest  then  taking  the  squared  magnitude  of 
the  Fourier  transform.  This  can  be  expressed  as 

Sx{t,  /)  =  I  /  T)x{T)e-^^^^^dT\ 

1 J— OO  1 

The  choice  of  a  proper  window  function,  h{t,  r),  is  essential  for  obtaining  a  clear  spectrogram. 
A  narrow  window  allows  the  spectrogram  to  react  quickly  to  changes  in  the  signal,  but  the  short 
observation  time  gives  poor  frequency  resolution.  On  the  other  hand,  a  long  window  will  yield 
high  frequency  resolution,  but  will  react  slowly  to  signal  changes,  smearing  the  result  along  the 
time  axis.  Figure  4  shows  the  difference  between  a  16  point  and  a  128  point  window  function 
when  applied  to  the  three- component  signal. 


*««Mncy 
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Figure  4:  Short  and  Long  Window  Spectrograms 

The  tradeoff  between  time  and  frequency  resolution  is  the  fundamental  characteristic  of  the 
spectrogram.  While  this  does  not  cause  much  difficulty  for  slowly  changing  signals,  it  does  present 
problems  for  complex,  rapidly  changing  signals. 

3  Wigner-Ville 

The  Wigner-Ville  distribution  avoids  the  time  and  frequency  resolution  tradeoff  found  in  the 
spectrogram  and  gives  high  resolution  along  both  the  time  and  frequency  axes.  The  drawback  of 
this  method  is  the  existence  of  large  cross  terms  which  arise  between  legitimate  signal  components 
and  interfere  with  the  desired  result.  The  distribution  is  calculated  using  the  expression 

W{t,  f)  =  r  x[t  +  r/2)rr-(t  -  t dr 

The  Wigner-Ville  distribution  gives  a  two-dimensional  energy  distribution,  analogous  to  a  two- 
dimensional  probability  density  function.  Like  the  probability  distribution,  integrating  or  sum 
ming  along  one  axis  will  provide  the  marginal  distribution.  The  marginals  of  the  Wigner-Ville 
are  equivalent  to  the  signal  power,  |a:(t)p,  and  the  power  spectral  density,  \X{f)\^.  To  satisfy 
these  marginals,  some  portions  of  the  distribution  take  on  negative  values.  Figure  5  shows  the 
Wigner-Ville  distribution  for  the  two  example  signals. 

4  Reduced  Interference  Distributions 

The  reduced  interference  distribution,  or  RID,  was  developed  as  an  improvement  to  the  Wigner- 
Ville  distribution.  The  goal  was  to  maintain  the  high  resolution  and  marginal  properties  of  the 
Wigner-Ville  while  reducing  the  cross  terms  [7].  RIDs,  as  well  as  the  Wigner-Ville  and  spectro¬ 
gram,  can  be  considered  members  of  Cohen’s  class  with  the  general  form  [3] 


C:r{tJ\d)  =  J  J  J  +  dr  du 


|j«»rOi*rp  T?v**  CortWHTf 


OJ  0.4  0.6  0.2  1  0^  0.4  0.6  0.6  1 


Figure  5:  Wigner-Ville  Distributions 

The  difference  between  all  these  distributions  is  the  selection  of  the  kernel  function,  r). 
Design  rules  have  been  developed  for  selecting  (p,  and  it  can  be  selected  using  adaptive  tech¬ 
niques  [8]. 

A  discrete  version  of  the  RID  known  as  the  binomial  distribution  provides  a  kernel  that  per¬ 
forms  reasonably  well  in  most  situations.  Figure  6  shows  the  binomial  distributions  for  the  test 
signals. 


Uft**rO»iTp  7hni«  Con«on«ni 


Figure  6:  Binomial  Distributions 

The  reduced  interference  displayed  in  the  binomial  distribution  does  not  come  without  a  dis¬ 
advantage.  The  Wigner-Ville  distribution  exhibits  the  highest  possible  resolution  along  each  axis. 
The  binomial  distribution  sacrifices  some  of  that  resolution  to  reduce  the  interference.  This  is 
analogous  to  allowing  a  wider  main  beam  pattern  in  an  cintenna  to  obtain  low’  sidelobes. 

5  Wavelets 

The  three  techniques  presented  above  all  are  closely  related  to  the  Fourier  transform  and  have 
resolution  cells  that  are  uniform  throughout  the  time-frequency  plane.  An  alternative  to  generat¬ 
ing  a  time-frequency  distribution  is  to  apply  the  wavelet  transformation  and  create  a  time- scale 
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distribution.  Instead  of  using  complex  sinusoids  as  basis  functions,  the  wavelet  transform  uses 
scaled  and  shifted  versions  of  a  mother  wavelet.  Compressing  the  time  scale  of  a  signal  corresponds 
to  increasing  its  frequency,  allowing  a  time-scale  distribution  to  be  treated  as  a  time-frequency 
distribution  also. 

For  a  given  mother  wavelet,  h{t),  the  wavelet  transform  is  defined  as  [12] 

WT.(T,a)=  r  xit)hlM)dt 

J~oo 

where  the  basis  functions  ,  _  . 

are  called  wavelets. 

The  representation  of  the  signal  using  a  wavelet  transform  has  some  major  differences  from  the 
proceeding  distributions.  The  time-scale  distribution  changes  drastically  with  the  use  of  different 
mother  wavelets.  In  general,  the  distribution  follows  the  concepts  of  multi-resolution  analysis 
(MRA)  or  constant  Q  analysis  [2].  As  the  scale  compresses,  the  shifts  tracked  become  finer.  That 
means  time  and  frequency  resolution  are  inversely  related  low  frequencies  have  good  frequency 
resolution  and  poor  time  resolution,  while  high  frequencies  have  poor  frequency  resolution  and 
good  time  resolution. 

Figure  7  shows  the  wavelet  representation  for  the  two  example  signals  based  on  a  Morlet 
mother  wavelet  [13].  Some  differences  stand  out  from  the  proceeding  time-frequency  plots.  The 
time-scale  plot  gives  a  one-sided  spectra  with  logarithmic  spacing  along  the  scale  (frequency)  axis. 
The  time-frequency  distributions  appear  clearer  for  these  signals  since  they  consist  of  sinusoidal 
functions,  exactly  matching  the  basis  functions  used. 


UnMrCMn) 


Figure  7:  Wavelet  Distributions 


6  Conclusions 

This  paper  provides  an  introduction  to  time-frequency  and  time-scale  analysis.  The  references 
included  provide  the  path  to  further  investigating  this  field,  both  with  understandable  introduc¬ 
tions  to  time- frequency  techniques  [11],  wavelets  [14],  and  samples  of  how  to  implement  these 
techniques  on  a  computer  [11,  1]. 
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Abstract 

This  paper  presents  a  formalism  for  calculating  antenna  array  factors  for  arrays  of  vertical  dipoles  positioned  above 
an  imperfectly  conducting  half-space.  Using  expressions  for  incident,  reflected,  and  surface-wave  contributions  to 
the  total  field,  antenna  array  factors  are  derived  for  a  linear  arrays  with  array  axis  parallel  and  perpendicular  to  the 
ground  plane.  The  approach  introduces  the  concept  of  surface-wave  coefficients  which  are  treated  in  a  manner 
similar  to  that  for  plane  wave  reflection  coefficients  in  the  development  of  expressions  for  the  antenna  array  factors. 
Reflected  and  surface-wave  contributions  to  the  array  factors  are  calculated  as  the  product  of  the  free  space  field 
radiated  by  a  reference  element,  a  geometrical  factor,  and  the  plane  wave  reflection  and  surface-wave  coefficients, 
respectively.  It  is  shown  that  for  a  linear  array  of  vertical  dipoles  witli  array  axis  parallel  to  the  ground  plane,  the 
geometrical  factor  is  identical  in  magnitude  to  that  for  the  same  array  radiating  in  free  space.  However,  if  the  array 
axis  is  normal  to  the  ground  plane,  the  geometrical  factor  required  for  calculation  of  the  reflected  and  surface-wave 
contributions  to  the  far  fields  differs  in  magnitude  and  phase  from  the  free  space  geometrical  factor.  Applications 
and  limitations  of  the  formalism  are  illustrated  for  arrays  of  vertical  dipoles  positioned  above  soil  and  water  media. 

1.  Introduction 

Few  problems  in  electromagnetic  theory  have  a  longer  history  of  investigation  than  that  of  radiating  dipoles  above 
an  imperfectly  conducting  ground.  This  is  because  the  electromagnetic  fields  cannot  be  treated  as  the  sum  of  incident 
and  reflected  plane  waves  alone.  Solutions  near  the  boundary  of  the  half-space  must  include  an  inhomogeneous 
lateral  wave  which  includes  a  surface-wave  term  in  addition  to  the  plane  wave  components  [1-3].  In  this  paper,  total 
far  fields  radiated  from  linear  arrays  of  vertical  dipoles  are  calculated  as  the  sum  of  incident,  reflected,  and  surface- 
wave  components.  The  objective  is  to  quantify  the  effects  of  an  imperfectly  conducting  half-space  on  antenna  array 
factors.  Antenna  array  factors  for  arrays  in  free  space  are  well  known  for  a  variety  of  configurations  [4-6].  Because 
reflected  and  surface-wave  components  can  add  either  constructively  or  destructively  with  the  incident  component, 
the  free  space  antenna  array  factors  can  be  noticeably  altered  in  the  presence  of  an  imperfectly  conducting  ground. 

Basic  expressions  for  far  fields  radiated  by  a  single  dipole  positioned  above  a  ground  plane  are  discussed  in 
Section  2.  These  expressions  are  then  used  in  Section  3  to  calculate  antenna  array  factors  for  linear  arrays  of  vertical 
dipoles  spaced  uniformly  along  the  y-  or  z-axes.  Section  4  preseiits  comparisons  of  free  antenna  array  factors  and 
electric  fields  with  those  obtained  in  presence  of  a  ground  plane.  Conclusions  are  given  in  Section  5. 

2.  Expressions  for  the  Dipole  Fields 

Far  fields  from  a  single  radiating  dipole  positioned  above  an  imperfectly  conducting  ground  plane  can  be  written  as 
the  sum  of  incident,  reflected  and  surface-wave  contributions  to  the  total  fields  [1]. 

0tomr)  _  £(WC)  ^  ^  j^sur) 

Figure  1  illustrates  the  geometry  for  a  single  dipole  and  its  image.  Expressions  used  in  this  paper  for  the  dipole  far 
fields  were  developed  by  Norton  [1].  For  a  vertical  dipole,  radiated  electric  field  have  two  components,  Ep  and  E^. 
The  (t>-component  of  the  electric  field  vanishes.  Non-vanishing  components  are  given  by: 
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where  V  represents  the  dipole  source  strength,  V  =  ikTioIdi/471,  and  denotes  the  reflection  coefficient  for  a  plane 

wave  with  its  electric  vector  in  the  plane  of  incidence, 

COS02  -uJl~u  ^sin^02 

(4) 

COS02  +«^1  -K^sin^Oj 


Factor  u  is  defined  as  the  ratio  of  the  propagation  constant  for  air,  =  co'CcPo,  and  the  propagation  constant  for 
the  half-plane,  kj  =  to^eoe^o  +  ioopo ,  i.e.  u  =  k/k^ .  The  Norton  surface  wave  attenuation  function,  F(w),  is  defined 
in  terms  of  the  complex  error  function  as  [7,8]: 

F  =  l  +  iylTwe'^^efrci-iy/w)  (5) 

where 


{  l-i/^sin^02^ 

_  \ 
COS0, 

1  + 

i  2  J 

^  u^j\  -u^sin^02j 

(6) 


In  developing  the  formalism  for  evaluation  of  antenna  array  factors,  it  will  prove  convenient  to  recast  equations  for 
the  components  of  the  electric  field  in  the  following  form: 
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where  g^O)  =  sin-6  and  gp(6)  =  sin(0)cos(6).  We  will  refer  to  functions  as  surface-wave  coefficients.  These  are 
given  by: 

¥^(6)  =  (1-/?^)c5c20(1-«2+mW0)F(w)  (8) 


and 


Tp(0)  =  (l-^^)tan6Mv/l-«^sin20  1- 


u\l~u ^sin^6)  ^  cos~6 
2  ^2 


FCw) 


■(9) 


Although  the  products  gjTt  (C  =  z,p)  which  define  the  ^-components  of  the  electric  field  are  non-singular  for  all 
values  of  the  polar  angle  6  ,  is  singular  where  0  equals  an  integer  multiple  of  n  radians  and  Yp  is  singular  when 
the  polar  angle  equals  an  integer  multiple  of  n/2  radians. 


3.  Antenna  Array  Factors 


I  The  concept  of  an  antenna  array  factor  has  long  been  used  for  the  analysis  of  antenna  arrays  ([4]-[6]).  This  concept 

^  is  computationally  efficient  tool  for  the  design  of  antenna  arrays.  If  Ec  represents  the  ^-component  of  the  radiated 

far  field  from  an  antenna  array  and  denotes  the  ^-component  of  the  far  field  radiated  by  a  reference  element,  then 
E.  can  be  expressed  as  the  product  of  the  radiated  field  from  the  reference  element  and  the  antenna  array  factor 


£5  =  £5.0^4)) 


(10) 


This  paper  examines  an  analogous  formalism  for  antenna  arrays  above  an  imperfectly  conducting  half-space.  For 
an  array  in  free  space,  the  antenna  array  factor  depends  on  the  array  geometry  alone  and  is  independent  of  distance 
between  the  source  and  observation  point.  However,  as  shown  below,  for  an  antenna  array  positioned  over  an 
imperfectly  conducting  half-space,  the  array  factor  is  dependent  upon  both  the  array  geometry  and  the  distance 
between  the  observation  point  and  the  array. 


In  order  to  examine  the  effects  of  an  imperfectly  conducting  ground  on  antenna  array  performance,  it  is  assumed  that 
the  antenna  array  is  composed  of  radiating  dipoles  positioned  above  an  imperfectly  conducting  half-space. 
Expressions  for  the  far  fields  radiated  by  individu^  elements  of  the  array  are  those  discussed  in  Section  2.1  above. 
Throughout  this  paper,  it  is  assumed  that  the  reference  element  for  the  array  is  located  at  the  centroid  of  the  array. 
If  an  element  of  the  array  is  located  at  the  centroid,  then  it  is  selected  as  the  reference  element.  If  no  element  of  the 
array  is  positioned  at  the  centroid,  then  a  reference  element  is  assumed  to  exist  at  the  centroid. 


First  consider  an  array  of  Ny  vertical  or  horizontal  dipoles  spaced  uniformly  along  the  y-axis  a  distance  above  the 
half-space.  Using  equation  7  above,  far  fields  radiated  by  the  array  of  either  horizontal  or  vertical  dipoles  can  be 
written  as: 


*5(9,. <|>^ 


(11) 
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where  p„  denotes  the  phase  of  the  nth  source,  Y  .  relative  to  the  reference  sourcCoV  ^„r  represents  the  radial 
distance  from  the  nth  element  of  the  array  to  the  observation  point,  and  r^n  represents  the  radial  distance  from  the 
image  of  the  nth  element  of  the  array  to  the  observation  point.  Here,  o  denotes  the  incident  field  radiated  by  the 
reference  element  located  at  the  centroid  of  the  array. 


For  the  far  fields,  it  is  reasonable  to  assume  that  to  /  rj  „  =  %  *2^,  =  1.  0i.n  =  ^.n  =  0)  >  ^d  =  (jXa  - 
values  of  n.  In  order  to  obtain  analytical  expressions  for  array  factors,  we  shall  also  assume  that  IV„i  =  IVpI  for  all 
values  of  n.  With  these  simplifications,  equation  1 1  beconies: 

Since  specific  forms  for  the  antenna  array  factors  depend  on  whether  the  array  contains  an  even  or  odd  number  of 
elements,  it  is  convenient  to  define  Moy  =  (Ny  -l)/2  and  M^y  =  My  /  2.  The  nth  element  of  the  array  is  positioned  at 
(Xjni  yi.n-  Zi.„)  =  (0,  y  Zq  ),  while  the  image  of  the  nth  element  is  located  at  (X2.„ ,  y2.„,  z^n)  =  (0,  y2,„,  -Zo  )•  If  Ny 
is  an  odd  integer  and  ”a”  denotes  the  distance  between  adjacent  elements  of  the  array,  it  will  prove  convenient  to 
number  the  elements  so  that  elements  assigned  an  odd  (even)  number  are  aligned  along  the  negative  (positive)  y-axis 
as  follows:  =  yjj^,  =  -yma  for  m  =  0,1, ...,  Moy  and  yi,2„,  =  y^^  =  yma  for  m  =  1,2, ...,  Moy,  where  y  denotes 

unit  vector  in  the  y-direction.  We  also  assume  that  phases  of  the  elements  are  selected  as:  P2^,=-mA  for  m  =  0,1, 
...,  Moy .  and  P2„  =  mA  for  m  =  1 ,2, ...,  M^y.  Under  these  assumptions: 

=  '”asin0osin(|),  m  =  0,1 . , 

^1.2^  ■'b  =  -masin0oSin(|)o  m  =  1,2,  ^ 


^2.2«M-^o  =  2ZoCos0o  +  m^isin0oSin4)o 
''22m'- ^0  =  2ZoCOS0o-masin0oSin({)o 


m  =  0,1 . 

m  =  l,2,...,Af„, 


If  we  then  define  argument  Yyas: 


Yy  =  (A-itasin0pSin(|)Q)/2 


then  equation  1 1  reduces  to: 


=  ^£.0  1  [l 


Using  the  relation 


;c(l  -a:""’) 


equation  16  can  be  recast: 


,  £  [  1  ^  1  )Y,/21sm[(A',, - 1  )y,/21|  r 

sinYy  P  ^ 


where  Ny  is  an  odd  integer.  The  first  term  in  brackets  on  the  right  side  of  equation  16  is  the  free  space  antenna  factor 
which  depends  on  the  array  geometry  and  is  independent  of  the  distance  between  the  source  and  observation  point. 
Terms  in  the  second  bracket  show  the  incident,  reflected,  and  surface  wave  contributions  to  the  antenna  array  factor 
and  the  resulting  ^-component  of  the  radiated  field. 
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Equation  1 8  holds  if  N,  is  an  odd  integer.  If  the  array  of  dipoles  contains  an  even  number  of  elements,  then  it  will 
prove  convenient  to  adopt  the  following  scheme:  y,  2^^,  =  (‘/z  -  m)  and  yij„  =  (m  -  Vi)  for  m  =  1,  2, M,,.  Selecting 
phases  so  that  =  {Vi-  m)A  and  =  (m  -  Vi  )A  for  m  =  1, 2, M,,  and  using  the  relation: 

^  .m-i/2  .  (19) 

k  ■  \-x 


the  ^-component  of  the  radiated  field  can  be  wntten: 


.  ^in(W^YP  N  ^  2i«,co.e<,j 

^  smy^.  ••  ■' 


where  N,  is  an  even  integer. 

Similar  reasoning  can  be  used  to  calculate  the  antenna  array  factors  for  a  uniform  linear  array  of  N,  dipoles  aligned 
parallel  to  the  z-axis.  Let  M„  =  (N,  - 1)/2  and  M„  =  N,  /2.  First  consider  the  case  in  which  N,  is  an  odd  integer  and 
let  "b"  denote  the  distance  between  adjacent  elements.  Elements  of  the  array  are  numbered  so  that  Zj,  2^,  -  -mb  for 

m  =  0, 1, ...,  M„  and  z,.2„.  =  mb  for  m  =  1,  2 . M„.  Without  loss  of  generality  we  select  Xj.„  =  Xj  ,,  =  y,.„  -  y^- 

0.  Equations  for  the  phase  factors  appearing  in  equation  12  (with  N,  replacing  Ny )  become: 

^1.2™-! '^0  =  rnbcos%  m  =  0,1 . W,,  , 

''i2m"^o  "  -miJCOsOo  m  =  1,2, 


=  2Z^cos%-mbcosQ^  m  =  0,1 . 

^2.2«-^o  =  2ZoCOS0o+mZ;cos0o  m  =  1,2,..., 


Phases  pn  are  selected  as  follows:  p2m+i  =  -mA  for  m  =  0, 1 , ...,  M„  and  Pz^,  -  mA  for  m  -  1, 2, ...,  Mo^.  Arguments 
Yi  and  y\ are  defined: 

=  (£i-kbcosQ^/2  A  y',  =  (A +ti?cos0Q)/2  (23) 


Substitution  in  equation  12  yields: 

'  1  +cos[  (A/.  + 1  )y,/21  sin[  {N,  - 1  )y./2] 

"  ^E'>|  ' 


^  1  +co$[ {N^  + 1  )y'J2] sin[ (A.  - 1  )y72]  ^ ^ 2itz;foseo j 


where  is  an  odd  integer.  The  first  term  on  the  right  side  of  equation  24  arises  ftx)m  the  summation  of  incident 
fields  and  is  identical  to  the  free  space  antenna  array  factor  for  a  uniform  linear  array  of  antenna  elements  parallel 


to  the  z-axis.  In  contrast  to  the  antenna  array  factor  for  a  uniform  linear  array  parallel  to  the  y-axis  given  in  equation 
18,  array  factors  for  the  reflected  and  surface  wave  contributions  are  functions  of  y  \  while  the  free  space  array  factor 
depends  on  y^. 

If  N,  is  an  even  integer,  elements  of  the  array  can  be  numbered  as  follows:  =  (Vz  -m)b  and  z,_„  =  (m  -  ‘/2)b  for  m 

=  1,2, ...,  M„  .  Phases  p„  are  given  by:  =  (Vz  -  m)A  and  =  (m  -  ‘A  )A  for  m  =  1,  2, M,,.  Factors  in  the 

phase  become: 

=  ('w-l/2)i)cos6o  =  1,2, , 

"  (l/2-m)£>cos0(j  m  =  l,2,...,Af^.  (25) 


and 

^2,2m-i  ""  [22q  ~(/n  -  1/2)Z>]cos6q  m  =  1,2,...,A/^.  , 

^22m~’'o  ~  [22q +(m  -  l/2)fc]cos0Q  m  =  1,2, 


(26) 


Substitution  into  equation  12  then  yields: 


~  -^5.0 


siny.  ^  ^  5  j 


siny. 


4. 


Calculations 


(27) 


This  section  presents  examples  of  antenna  array  factors  calculated  from  equations  18,  20, 24  and  27  for  dipole  arrays 
positioned  above  various  ground  planes.  Table  1  shows  the  values  of  e,  and  a  used  in  the  calculations  [3]]. 


Table  1  Soil  Conductivity,  o,  and  Relative  Dielectric  Constant,  for  Various  Media 
_ _  (Extracted  from  Reference  3)  _ 


Description 

o  (S/m) 

Sea  Water 

4.000 

80 

Wet  Earth 

0.400 

12 

Dry  Earth 

0.040 

8 

Lake  Water 

0.004 

80 

Dry  Sand 

0.000 

2 

We  begin  with  the  simpler  case  of  an  array  of  dipoles  with  elements  positioned  at  intervals  "a”  along  the  y-axis. 
Figure  2  shows  antenna  array  factors  for  the  p-component  of  the  electric  field  obtained  by  using  equation  18  for  a 
fifty-element  array  of  dipoles  driven  at  a  frequency  of  100  MHZ.  Elements  of  the  array  are  separated  by  0.2  Aq  with 
centroid  1  Xq  above  the  ground  plane.  The  radial  distance  from  the  centroid  to  the  observation  points  was  100  ^ . 
Phase  differences  among  the  dipoles  were  obtained  by  choosing  angle  0  and  (|)  appearing  in  equation  1 5  to  yield  a 
main  lobe  in  the  radiation  pattern  at  (j)  =  50°  and  0  =:  arc  cos[7t/(kZo)]  =  60 .  This  choice  for  0  reduces  the 
exponential  factor  appearing  in  equation  18  to  unity.  Therefore,  alterations  to  the  free  space  antenna  array  factor 
arise  from  the  sum  of  the  plane  wave  reflection  coefficient  and  the  surface  wave  coefficient.  Results  shown  in 
Figure  2  are  obtained  from  equation  18  when  normalized  to  the  number  of  elements  in  the  array.  For  an  antenna 


444 


array  in  free  space,  the  normalized  antenna  array  factor  is  less  than  or  equal  to  one.  However,  due  to  constructive 
interference  between  the  incident  and  reflected  fields,  antenna  array  factors  for  arrays  above  a  partially  conducting 
ground  plane  can  exceed  unity.  For  the  dry  earth  medium,  the  angle  of  reflection  exceeds  the  quasi-Brewster  angle 
for  the  medium,  and  the  reflected  wave  is  out  of  phase  with  the  incident  component.  As  a  result  the  peak  value  of 
the  array  factor  is  reduced  to  value  less  than  one.  For  this  array  configuration  and  the  media  described  in  Table  1, 
the  surface  wave  contributions  were  unimportant. 


2.0 


<P  (deg) 

Figure  2  Antenna  Array  Factor  for  Ny  =  50  and  2kZoCOs6  =  2n 

Figure  3  shows  the  results  obtained  for  the  same  configuration  of  dipoles  except  that  the  dipoles  phases  were  chosen 
to  yield  a  main  lobe  at  <|>  =  50°  and  0  =  arc  cos[ti/(2kZQ)l  =  75.5° .  In  this  example  the  difference  in  geometrical  path 
length  for  rays  drawn  from  the  reference  element  and  its  image  result  in  a  value  of  n  radians  for  the  phase  of  the 
exponential  factor  in  equation  18.  For  the  water  and  wet  earth  media,  the  angle  of  reflection  is  less  than  the  quasi- 
Brewster  angle,  and  the  phase  resulting  from  the  product  of  the  plane  wave  reflection  coefficient  and  exponential 
factor  results  in  a  significant  reduction  in  the  main  lobe  of  the  radiation  pattern.  For  the  dry  earth  and  sand  media, 
the  angle  of  incidence  exceeds  the  quasi-Brewster  angle  and  the  result  is  an  enhancement  of  the  main  lobe  relative 
to  the  free  space  value. 


Figure  3  Antenna  Array  Factor  for  Ny  =  50  and  2kZoCos9  =  ti 
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f  (rA.9.<P) 


Figure  4  shows  the  antenna  array  factor  for  the  z-component  of  electric  fields  radiated  from  a  configuration  in  which 
the  surface  wave  contributions  are  dominant  contributors.  The  calculation  applies  to  a  20  element,  linear  array  of 
vertical  dipoles  parallel  to  the  y-axis.  Dipoles  in  the  array  are  driven  at  a  frequency  of  1  GHz  and  are  separated  by 
a  distance  of  0.25  V  The  centroid  of  the  array  is  0. 1  above  the  ground  plane.  Phase  differences  between  adjacent 
elements  were  selected  from  the  condition  Yy  ~  ®  (equation  15)  so  that  the  main  lobe  of  the  radiation  pattern  occurs 
in  the  direction  defined  by  6  =  90°  and  <j)  =  30°.  Observation  points  are  a  distance  of  10  Aq  from  the  centroid  of  the 
array.  For  this  configuration,  the  angle  of  reflection  is  approximately  89° .  The  angle  of  reflection  exceeds  the  quasi- 
Brewster  angle  for  all  of  the  media,  and  the  plane  wave  reflection  coefficient  approaches  a  value  of  -1.  The  path 
difference  between  rays  originating  at  the  reference  dipole  and  its  image  is  small  in  terms  of  wavelength.  As  a  result, 
the  incident  and  reflected  fields  nearly  cancel  one  another  due  to  destructive  interference.  Figure  4  shows  the  total 
antenna  array  factor  and  the  surface- wave  portion  the  array  factor  for  the  z-component  of  the  radiated  fields.  The 
main  lobe  of  the  array  factor  exceeds  unity  only  for  the  sea  water  medium  which  is  characterized  by  the  largest  quasi- 
Brewster  angle  among  the  five  media. 


9  (deg) 
(c)  Dry  Earth 


9  (deg) 
(d)  Dry  Sand 


Figure  4  Antenna  Array  Factors  for  Near-Grazing  Incidence 
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As  a  final  example.  Figure  5  shows  the  calculated  values  of  E  z  for  a  uniform  linear  array  of  10  vertical,  radiating 
dipoles  with  elements  equally  spaced  0. 1  along  the  z-axis.  The  elements  are  driven  at  a  frequency  of  10  GHz.  The 
centroid  of  the  array  is  2Xq  above  the  ground  plane.  Phases  differences  between  adjacent  elements  were  selected 
(using  =  0  in  equation  23)  to  yield  a  maximum  in  the  free  field  radiation  pattern  at  6  =  50°.  Angle  0  in  Figure  5 
is  the  polar  angle  measured  by  an  observer  at  the  centroid.  As  the  angle  of  incidence  approaches  grazing  incidence, 
0  =  90° ,  the  incident  and  reflected  fields  interefere  destructively.  Surface  wave  terms  near  grazing  incidence  are 
relatively  small  in  comparison  to  values  of  the  total  field  observed  at  smaller  angles  of  incidence  where  the  incident 
and  reflected  terms  add  constructively  or  where  the  destructive  interference  is  less  severe.  Maxima  and  minima  seen 
in  Figure  5  for  3O°£0<6O°  occur  where  values  of  the  plane  wave  reflection  coefficient  are  relatively  constant,  and 
the  extremes  are  due  largely  to  the  exponential  factor  in  equation  24.  As  indicated  in  equation  2,  the  surface  wave 
component  of  does  not  vanish  as  0  approaches  zero.  The  surface  wave  coefficient  defined  in  equation  8  is  singular 
along  the  z-axis.  While  the  product  g^Y^  remains  finite  everywhere,  it  is  clear  that  the  results  become  non-physical 
near  0  =  0°.  This  is  a  fundamental  limitation -in  this  particular  approach  and  can  be  resolved  only  if  the  theory  is 
reformulated  in  terms  of  expressions  for  the  surface-waves  that  vanish  at  least  as  rapidly  as  sin^0  as  0  approaches 
zero. 


e  (deg) 


Figure  5  Calculated  Far  Fields  Calculated  for  a  10  Element  Array  with  Elements  Positioned  Along 

the  Z-Axis 


5.  Conclusion 

This  paper  has  presented  a  formalism  for  calculating  antenna  array  factors  for  linear  arrays  of  vertical  dipoles 
positioned  above  an  imperfectly  conducting  ground  plane.  Surface-wave  coefficients  introduced  in  Section  3  are 
a  theoretical  convenience  that  allow  a  straightforward  calculation  of  antenna  array  factors  in  a  manner  analogous  to 
that  for  free  space  antenna  arrays.  The  resulting  expressions  are  useful  for  many  cases  of  practical  interest  However, 
the  surface-wave  coefficients  are  singular  at  the  zeros  of  the  incident  field  because  expressions  for  the  surface-wave 
components  do  not  vanish  with  the  incident  field.  This  is  a  fundamental  limitation  in  the  approach. 
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Energy  Transfer  from  Free  Space  Transient  Waveforms 
Through  HF  Antennas  to  Arbitrary  Loads 
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Harris  Corporation,  RF  Commimications  Division 
1680  University  Avenue,  Rochester,  NY  14610 

Abstract 

A  single  electromagnetic  pulse  created  by  a  high-altitude  detonation  of  a  nuclear  weapon  creates  an 
intense  electromagnetic  transient  that  can  cover  an  immense  geographical  area.  The  energy  contained 
within  the  transient  waveform  is  capable  of  disabling  commumcations  by  destroying  susceptible 
semiconductors  within  radio  equipment.  In  particular,  HF  equipment  is  susceptible  due  to  the  receive 
aperture  size  presented  by  large  transmit  antennas.  This  paper  summarizes  an  effort  to  understand  the 
effects  of  a  pulse  on  certain  HF  antennas  and  the  subsequent  voltages  and  currents  seen  by  radio 
equipment  attached  to  them. 

First  we  discuss  the  free  space  transient  electromagnetic  waveform  created  and  its  spectral  content. 
Next,  the  calculated  short-circuit  current  and  open-circuit  voltage  induced  on  a  dipole  as  a  function  of 
height  above  ground.  This  is  followed  by  calculations  of  currents  in  different  resistive  loads  connected 
to  this  dipole.  Then,  five  antennas  are  analyzed  to  observe  how  they  coupled  transient  energy  into 
complex  loads  required  to  match  the  antenna  impedance  at  4,  8,  and  20  MHz,  These  antennas  are:  a  46 
m  dipole,  9.7  m  and  14.4  m  monopoles,  a  crossed  dipole,  and  a  fan  dipole. 

To  date,  a  46  m  dipole,  a  14.4  meter  monopole,  and  a  fan  dipole  have  been  tested.  Direct 
validation  of  calculated  responses  of  the  different  antennas  are  not  practical.  However,  a  comparison 
of  calculated  and  empirical  results  provides  useful  insight,  and  is  provided  for  the  following 
parameters:  rise-time,  peak  short-circuit  current,  peak  open-circuit  voltage,  load  current,  and  load 
voltage.  There  is  good  correlation  between  numerical  and  empirical  results,  providing  validation  of 
the  numerical  method.  Therefore,  the  empirical  results  provides  evidence  that  the  other  antenna’s 
numerical  results  are  accurate. 

Incident  Transient  Waveform 

The  electromagnetic  transient  peak  magnitude,  as  well  as  rise-  and  fall-times  of  the  EMP,  are 
functions  of  the  detonation  altitude  and  distance  of  the  detonation  to  susceptible  equipment.  If 
detonation  is  directly  overhead  (vertical  distance  equals  distance  to  antenna),  the  rise-time  (0.1  to  0.9 
Epeak)  is  5  nanoseconds  and  the  half-value  width  (0.5  to  0.5  Ep^ak)  is  20  nanoseconds,  but  the  electric 
field  only  reaches  about  0.1  of  E^ax-  Tiie  E^ax  value  of  50  kvolts/meter  is  reached  when  the  distance 
from  the  detonation  point  to  the  point-of-contact  with  the  earth’s  surface  is  approximately  twice  the 
vertical  height.  In  this  case,  the  rise-time  is  just  under  1 0  nanoseconds  and  the  half-value  width  is  50 
nanoseconds.  At  the  point  of  farthest  distance  from  the  detonation,  i.e.,  tangential  to  the  earth  surface 
(kS  X  vertical  height),  the  rise-time  is  just  longer  than  10  nanoseconds  with  a  half-value  width  of  200 
nanoseconds,  and  the  peak  value  reached  is  approximately  0.5  E^ax-  Th®  incident  wave-shapes  vary 
greatly  due  to  uncertainty  of  the  antenna  location  relative  to  the  point-of-detonation.  To  overcome  this 
variable,  a  general  waveform  has  been  adopted.  It  contains  the  worst  case  attributes  of  all  three 
waveforms:  5  nanosecond  rise-time,  200  nanosecond  half-value  and  50  kilovolt  peak.  The  double 
exponential  equation  for  the  generalized  High-altitude  EMP  Electric  Field  Waveform*  is  displayed  in 
equation  (1)  and  the  Fourier  Transform  in  (2). 


449 


e(/)  =  ]  volts/meter  (1) 

E{co)  =  Eo— - Y — ~7 ;:7  volt/meter/Hz  (2) 


where,  Eo  =  52.5  kvolts 
a  =  4.0x10^ 

P  =  4.76x10* 


Fig.  1  Generalized  High  Altitude  EMP  Electric  Field  Waveform 


pa~co~  +  j(a  +  0) 

This  quick  rise-time  yields  strong  spectral  components  in  the  HF  band.  Therefore,  HF  radio 
systems  are  extremely  vulnerable  because  their  antennas  are  tuned  to  receive  these  spectral 
components.  The  generalized  Electric  Field  threat  waveform  is  shown  in  Fig.  1.  The  magnetic  field 
waveform  is  equivalent  in  transient  shape  with  H^ax  obtaining  130  amps/meter. 

To  determine  the 

frequency  response,  equation 
1  can  be  Fourier  Transformed 
symbolically,  or  the 

waveform  can  be  inverted 
with  a  Discrete  Fourier 
Transformation^  (DFT). 

Choosing  the  best 

sampling  rate  is  not  trivial. 

The  sampling  rate  of  e(t) 
requires  rapid  sampling 
during  the  quick  rise-time,  then  a  slower  sampling  rate  throughout  the  fall-time^.  This  is  ideal  for 
sampling,  but  adds  difficulty  when  performing  the  DFT;  therefore  uniform  sampling  is  preferred. 
Since  we  know  that  the  transient  waveform  contains  99%  of  its  energy  below  100  MHz,  the  minimum 
sampling  frequency,  cOj,  is  100  MHz,  or  a  time  domain  sampling  rate  of  l/cOj,  10  nsec.  This  is  not 
quick  enough  to  retain  the  10  nsec  rise-time  shape.  Therefore  we  sample  every  2  nsec,  which  results  in 
a  band  limited  spectrum  of  Os  equaling  500  MHz,  and  a  folding  frequency  of  250  MHz.  This  creates 
2000  samples  across  the  spectrum;  in  the  time  domain  it  results  in  4  pseconds,  where  the  electric  field 
is  negligible. 

Using  MATHCAD"*  to  perform  the  DFT  insures  retention  of  the  phase  information,  equation  (3). 
This  converts  e(t)  into  E(co),  the  spectral  domain,  which  is  shown  on  a  Bode  plot  in  Fig.  2.  As  noted 
earlier,  the  quick  rise-time  in  the  time  domain  yields  frequency  components  in  the  High  Frequency 
band.  This  Bode  plot  has  two  breakpoints;  at  630  kHz  it  declines  at  20  dB  per  decade  and  at  76  MHz 
it  declines  at  40  dB  per  decade.  The  solid  line  is  the  DFT  and  the  dashed  line  is  the  symbolic  Fourier 
Transform,  equation  2.  The  two  curves  are  very  similar  in  the  frequency  band  of  interest.  The  DFT 
has  a  folding  frequency  at  250 
MHz,  generating  a  mirror  image. 

This  does  not  affect  our 
calculations,  but  must  be  retained 
for  the  correct  inverse  DFT. 


E{k)  = 


A  __o 


(3) 


Any  antenna  that  is  resonant 
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Fig.  2  Frequency  Domain  Waveform  of  a  High-Altitude  EMP  Event 
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at  a  frequency  within  the  transient  waveform’s  spectrum  will  have  voltages  and  current  induced  upon  it 
via  this  incident  waveform.  The  amount  of  energy  induced  depends  on  the  incident  angle,  antenna  size 
and  orientation  of  antenna  elements.  For  the  five  antennas  analyzed,  the  worst  case  incident  angle  md 
wave  polarization  for  each  antenna  type  was  chosen.  The  dipoles  had  the  incident  angle  from  zenith; 
the  monopoles  had  an  incident  angle  at  the  horizon. 

Antenna  Voltages  and  Currents 

For  a  simple  cylindrical  antenna  structure  in  free  space,  it  is  possible  to  derive  the  plane  wave 
impulse  response,  then  convolve  that  response  with  the  transient  waveform  to  determine  the  resultmt 
transient  impulse  responses.  Unfortunately,  complex  antenna  geometries  combined  with  fimte 
grounds  make  classic  analytical  treatment  impractical.  A  numerical  techmque  was  needed  to  analyze 
different  antenna  structures.  ^ 

This  was  accomplished  with  the  use  of  the  Numerical  Electromagnetic  Code  (NEC).  The  linear 
relationship  between  excitation  and  response  allows  the  transient  response  to  be  developed  in  a  two 
step  procedure.  With  the  Numerical  Electromagnetic  Code  (NEC),  a  1  volt/meter  plane  wave  excites 
the  wire-grid  antenna  model  every  250  kHz  across  the  frequency  band  from  250  kHz  to  100  MHz.  The 
result  of  this  simulation  represents  a  highly  accurate  calculation  of  the  antenna  s  short-circuit  current 
impulse  response  in  the  frequency  domain.  The  magmtude  of  the  400  discrete  short  circuit  currents  is 
shown  in  Fig.  3  for  a  46  m  dipole  in  free  space  and  situated  at  2  m  and  9  m  above  a  finite  earth.  When 
an  earth  model  is  included,  a  finite  ground  relative  permit! vity,  Sp  of  10  and  a  conductivity,  a,  of  0.01 
Si/m,  which  represents  average  soil,  is  used. 

The  46  m  dipole 
receives  maximum 
energy  at  its  resonant 
frequencies,  i.e.,  3.25 
MHz,  9.75  MHz,  etc. 

At  anti-resonance 
frequencies,  i.e.,  6,5 
MHz,  13  MHz,  etc, 
the  antenna  receives 
minimum  energy. 

This  calculated 
plane  wave  impulse 
response  contains 
400  complex  values 
from  0.25  MHz  to 
100  MHz  while  the 
incident  waveform 

contains  2000  complex  values  from  0.25  MHz  to  500  MHz.  The  real  part  of  the  impulse  response  was 
padded  with  600  zeros,  then  the  remaining  1000  values  were  an  even  function  of  the  first  thousand. 
The  imaginary  part  of  the  impulse  response  was  padded  with  zeros,  then  the  next  1000  values  were 
replicated  as  an  odd  function.  This  complete  impulse  response  can  be  multiplied  with  the  spectral 
waveform  of  the  generalized  high-altitude  double  exponential  electric  field  waveform  using 
MATHCAD.  The  results  very  closely  approximate  the  actual  measured  short-circuit  current  impulse 
response  of  an  antenna  when  it  is  subjected  to  an  incident  electromagnetic  transient.  Fig.  4  shows  the 
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iCurrent  (Amps/Hz) : 


2  m  high 


Frequency  (Hz) 

Fig,  4  Horizontal  Dipole  Short  Circuit  Frequency  Response 


resulting  short  circuit  current  (ATHz)  from  the  transient  waveform.  The  resonant  and  anti-resonant 
features  can  clearly  still  be  seen  in  the  spectral  response. 

The  short-circuit  current 

_ |-i-  ' '  " '  _ '  ‘  _ — •  - _ 

exponential  sinusoid.  Sinusoidal  ^ 

significantly  slowed  to  80  nsec,  >»■*  ‘  ^  ^  ^  .v 

due  to  the  bandpass  nature  of  the  Frequency  (Hz) 

dipole,  which  attenuates  spectral  Fig-  4  Horizontal  Dipole  Short  Circuit  Frequency  Response  | 

components  that  are  not  natural  ^  ^ 

resonant  frequencies. 

Of  the  three  curves  displayed,  the  free 
space  case  has  the  highest  current  of  1800 
amps.  For  both  2  m  and  9  m  heights,  the 
direct  and  indirect  waves  add  destructively. 

If  the  dipole  was  X/4  high  at  3.25  MHz 
(a23m)  then  the  direct  and  indirect  waves  will  , 
add  constructively. 

Resistive  Load  Response 

<1  OJ  04  06  01  1  1,2  |.«  14  Jl  2 

An  antenna,  analyzed  as  a  short-circuit  Time(psec) 

current  with  the  antenna  impedance  in  shunt,  Fig.  5  Horizontal  Dipole  Short  Circuit  Current  Response 
provides  the  driving  source  for  an  arbitrary  load  impedance,  such  as  a  50  Q  transmission  line.  The 
Norton  current  driving  source  can  be  converted  into  a  Thevenin  open-circuit  voltage  with  the  antenna 

impedance  in  series.  With  either  - - - - - - 1 

source,  the  energy  transfer  to  any  ““l  impedance  (Ohms) 
arbitrary  load  can  be  calculated  in  the 
frequency  domain. 

Antenna  impedance  varies  as  a  2000 
function  of  frequency.  The  NEC  was 
used  to  calculate  the  complex  antenna 
input  impedance  versus  frequency.  For 
the  46  m  free-space  dipole,  the  complex  “ 
antenna  impedance  is  shown  in  Fig.  6. 

The  resistance  starts  at  a  small  (  I  I  'I  ( ■  ¥  M  ^  'I  M  | 

resistance  and  rises  to  the  highest  peak  ;  ■  M  I  Si  /i  !  '  {»  _ |  |  i  ^  | 

of  5000  n  at  the  fiist  anti-resonance,  '  Frequency  (MHz) 

then  repeats  the  cycle  throughout  the  Fig.  6  Complex  Impedance  of  a  Free-space  Horizontal  Dipole 


452 


frequency  band  with  decreasing  peaks.  The  reactance  starts  at  9000  Q  capacitive  and  passes  zero  at 
resonance  (3.25  MHz)  and  goes  inductive  (positive  reactance).  This  cycle  also  repeats  itself  widi 
decreasing  peaks  through  the  band.  Although  each  antenna  has  a  different  input  impedance,  this 
cyclical  nature  is  typical  of  any  open-ended  antenna  structure. 

With  the  driving  source  and  source  impedance  defined  in  ^  ^ 

the  spectral  domain,  any  arbitrary  load  can  be  attached  to  the  =  2  (<»)  +  Z  {o)) 

source’s  terminals.  Under  matched  conditions,  the  maximum  ^ 

load  transient  stress  is  Isc(®)/2.  The  load  current  is  calculated  by  current  division  between  the  antenna 
impedance  and  the  load  impedance,  equation  (4).  Fig.  7  displays  the  current  through  three  resistive 
loads  and  the  source  current  in  the  frequency  and  time  domains.  In  the  frequency  domain,  the 
decreased  current  flow  in  the  load  is  seen  at  the  antenna  resonance  as  the  load  impedance  increases.  At 
anti-resonance,  when  the  antenna  resistance  is  high,  almost  all  the  current  flows  through  the  load 
resistor.  In  the  time  domain,  the  increased  resistive  load  tends  to  attenuate  the  ringing.  The  current  in 
the  load  reaches  a  peak  current  of  1800  amps  in  80  nsec,  which  agrees  with  early  theoretical  work  . 


Arbitrary  Complex  Load  Response 

In  reality,  an  antenna  matches  a  50  Q  transmission  line  when  frequencies  are  selected  such  that  the 
antenna  input  impedance  is  near  50+jO  Q.  Antenna  couplers  are  available  that  provide  near 
instantaneous  matching  to  a  50  Q  transmission  line  at  any  frequency  within  the  HF  band.  To  meet  fast 
Automatic  Link  Establishment  timing  requirements,  these  antenna  couplers  switch  combinations  of 
series  inductors  and  shunt  capacitors  to  form  a  low-pass  network  within  several  milli-seconds.  To 
meet  this  rapid  matching  requirement,  the  coupler  is  under  microprocessor  control.  Semiconductors 
employed  within  the  coupler  are  susceptible  to  damage  from  transient  energy. 

Connecting  the  open-circuited  antenna  voltage  to  the  arbitrary  load  impedance  of  the  coupler 
causes  a  load  impedance  as  a  function  of  tune  frequency.  As  shown  in  Fig.  8,  the  coupler  is  modeled 
as  a  simple  shunt  capacitor  and  a  series  inductor.  The  shunt  200  Q  resistor  represents  the  transmission 
line  impedance  as  seen  through  an  auto-transformer.  Different  capacitors  and  inductors  are  connected 
as  a  function  of  desired  frequency.  Once  tuned  to  a  specific  frequency,  the  capacitors  and  inductors 
remain  constant  until  a  retune  command  is  issued.  As  the  incident  energy’s  frequency  is  varied,  the 
coupler  remains  tuned  to  a  singular  frequency.  The  impedance  seen  by  the  incident  energy  varies  as  a 
function  of  specific  joL+Rl  and  1/joC.  Therefore,  each  of  the  spectral  components  of  the  source 


453 


spectral  waveform  will  see  a  different  load  impedance  as  opposed  to  the  constant  resistive  loads 
discussed  in  the  previous  section.  - - - - - 

The  value  of  capacitors  and  inductors  to  tune  the  46  coupler  Model  /^tenna  Model 

m  dipole  at  frequencies  of  4,  8,  and  20  MHz  are  900pF  n  ^  ^  ^  I  ! 

and  28pH,  lOOpF  and  5pH,  and  63pF  and  2.6pH,  i  4^  | 

respectively.  Fig.  9  displays  the  results  for  load  voltage  ^  |  y  : 

and  current  in  the  time  domain.  The  open  circuit  antenna  i  i 

voltage  reaches  2  MV  in  80  nsec.  An  approximate  " - - - ^  " . . ^ 

method  to  bound  the  voltage  is  to  multiply  the  free-field  Rs-  8  Staple  Model  of  Coupler  aad  Open- 

electric  field  peak,  50  kV,  by  the  length,  46  m.  - - - 

Therefore,  maximum  open-circuit  voltage  equals  Eoh  ==  2.3  MV.  The  worst  case  load  voltage  is  0.5 
MV  at  80  nsec.  The  load  current  is  close  to  the  same  current  received  by  the  antenna  from  the 
transient  waveform.  These  voltages  and  currents  contain  significant  energy  and  will  damage  internal 
components  of  the  coupler.  In  general,  couplers  are  equipped  with  gas-filled  spark-gap  protection 
devices  that  trigger  at  approximately  10  KV.  Proper  gap  sparking  limits  the  transferred  energy  from 
antenna  to  load  from  10  to  30  Joules  to  under  10  mJ. 

Several  more  antennas  were  analyzed,  a  9.7  m  and  14.4  m  monopole,  crossed  dipole  at  4.6  m 
above  a  finite  ground,  and  a  fan  dipole  at  9.2  m  above  a  finite  ground  plane.  The  resultant  voltages 
and  currents  are  shown  in  Figs.  1 0,  1 1 ,  12,  and  13  for  load  voltages  and  currents  in  the  time  domain. 


Fig.  8  Simple  Model  of  Coupler  and  Open- 
circuit  Driving  Source 
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Three  antennas  also  have  been  tested  to  date,  a  46  m  dipole,  a  14.4  m  monopole,  and  a  fan  dipole. 
Direct  comparisons  of  their  test  results  to  their  calculated  responses  are  not  practical  due  to  the 
difficulty  in  generating  the  transient  waveform  shown  in  Fig.  1.  However,  when  we  compare 
calculated  and  empirical  results  for  each  antenna,  Table  1,  we  see  good  correlation  in:  rise-time,  peak 
short-circuit  current,  peak  open-circuit  voltage,  load  current,  and  load  voltage.  Table  1  also  shows 
numerically  calculated  energy  quantities;  charge,  action  integral,  and  Joules.  The  good  correlation 
between  numerical  and  empirical  results  validates  the  numerical  technique.  This  indicated  that  the 
other  antenna’s  numerical  results  are  correct. 


46  m 
Dipole 

46  m’ 
Dipole 

14.4  m 
Monopole 

14.4  m’ 
Monopole 

Fan 

Dipole 

Fan’ 

Dipole 

Numerical 

Empirical 

Numerical 

Empirical 

Numerical 

Empirical 

Peak  Eo  (kV/m) 

16 

16 

16 

V  (nanoseconds) 

38 

Isc  (amps) 

Voc  (volts) 

koAD  (amps) 

160 

2000 

Vload  (volts) 

75  K 

Charge  (Coulombs) 

1.0(10'^) 

Action  Integral  (amps^sec) 

1.0 

Energy  (Joules) 

3.6 

16.4 

Table  1  Comparison  of  Numerical  and  Empirical  Results  for  Several  Antennas 

CONCLUSIONS 


The  numerical  method  using  NEC  and  MATHCAD  provides  a  method  to  analyze  current  and 
voltages  induced  on  any  antenna  structure  and  arbitrary  load.  There  was  very  good  agreement  with 
resonant  length  and  sinusoidal  oscillations  in  the  time  domain.  The  five  antennas  analyzed  were;  a  46 
m  dipole,  9.7  m  monopole,  14.4  m  monopole,  a  crossed  dipole  and  a  fan  dipole.  The  longer  the 
element,  the  worse  the  induced  currents  and  voltages  for  a  collinear  antenna.  The  46  m  dipole  had 
peak  current  of  1 800  amps  and  a  voltage  of  2  MV.  A  500  ft  sloping-V  antenna  was  analyzed  in  both 
polarizations.  When  polarization  was  aligned  with  the  500  ft  V’s  length  profile,  the  transient  energy 
canceled  at  the  feed  point.  In  the  other  polarization,  induced  energy  was  still  far  below  all  the  other 
antennas. 

The  analytical  and  empirical  data  for  the  14.4  m  monopole  agrees.  However,  the  analyzed  values 
are  greater  than  the  empirical  values  because  the  analysis  used  a  perfect  ground  plane.  The  short 
circuit  currents  are  close,  but  the  open-circuit  voltages  have  a  greater  discrepancy.  This  infers  that  the 
numerical  antenna  impedance  is  different.  The  relationship  between  antenna  parameters  to  load  values 
correlate.  These  results  provide  high  confidence  in  the  remaining  numerical  results. 

1  EMP  Engineering  and  Design  Principles,  Bell  Laboratories,  Technical  Publications  Department  Whippany,  NJ,  1975. 

2  A.V.  Oppenheim,  R.W.  Schafer,  Digital  Signal  Processing,  Prentice-Hall,  Inc.,  Englewood  Cliffs,  New  Jersey,  1975. 

2  M.  Dion,  S.  Kashyap.  “Some  Considerations  on  the  use  of  NEC  for  Computing  EMP  Response”,  Applied  Computational 
Electromagnetic  Society  Journal,  Vol.  4,  No.  2,  1989. 

4  MATHCAD,  MathSoft  Inc.,  101  Main  St  Cambridge,  Massachusetts,  1995. 

5  G.  J.  Burke,  “Numerical  Electromagnetics  Code  -  NEC-4,  Method  of  Moments,”  Part  I:  User’s  Manual,  Lawrence  Livermore  National 
Laboratory,  Jan.  1992. 

6  W.O.  Coburn,  E.  Nguyen,  R.J.  Reyzer,  M.H.  Mar,  “High-Altitude  Electromagnetic  Pulse  Survivability  Assessment  of  the  Harris  RF- 
3200  Transceiver,”  US  Army  Laboratory  Command,  Harry  Diamond  Laboratories,  Adelphi,  MD. 

2  Personal  Communications,  Excerpts  from  NRAD  Test  Report  on  a  14.4  m  monopole.  Communications  Systems  Engineering  and 
Integration  Division. 
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1  Abstract 

The  use  of  sector  antennas  or  multiple  narrow-beam  antennas  rather  than  omni-directional  antennas 
has  become  a  trend  in  cellular  technology.  Because  property  is  becoming  increasingly  difficult  to  acquire 
for  cellular  communication  base  stations,  wireless  service  providers  are  looking  at  enhancement  of 
antennas  as  a  way  to  increase  system  capacity,  improve  call  quality,  and  extend  portable  range. 
Enhancement  comes  in  the  form  of  an  increase  in  gain  and  a  decrease  of  side  and  back  lobes.  Panel 
antennas,  which  are  planar  arrays  of  dipoles  backed  by  a  conductor,  have  recently  been  implemented  for 

such  a  purpose.  •  j  j 

This  paper  discusses  the  design  and  test  of  a  cylindrical  array  of  vertical  dipoles  for  use  in  advanced 
mobile  phone  system  (AMPS)  applications.  The  cylindrical  array  provides  12  beams,  equally  spaced  in 
the  azimuth  plane.  One  of  the  advantages  of  a  12-beam  array  compared  to  a  series  of  panel  antennas  is 
the  elimination  of  scan  loss.  Of  equal  importance,  the  size  of  the  cylindrical  array  is  considerably  less 
than  the  farm  of  panel  antennas  that  is  required  to  achieve  the  same  beam  function.  The  aesthetics  of  the 
cylindrical  array  make  it  much  less  objectionable  to  local  communities,  which  often  obstruct  or  delay  the 
construction  of  conventional  base  station  antenna  towers  because  of  their  clutter  of  antennas. 

The  design  of  the  antenna  was  assisted  by  two  numerical  methods,  the  method  of  moments  (MoM) 
and  the  finite  difference  time  domain  (FDTD)  method.  The  popular  numerical  electromagnetics  code 
(NEC)  was  the  interface  to  MoM,  and  is  well  suited  to  the  cylindrical  antenna.  The  FDTD  method 
provides  a  second  opinion  to  the  problem.  Two  models  were  put  into  NEC,  one  simply  with  a 
cylindrical-shaped  conductor  and  array  of  dipoles,  and  another  with  the  same  conductor  and  array,  plus 

the  feed  system.  u  •  -r 

A  prototype  was  constructed  and  tested  in  an  urban  environment.  The  gain  and  ffont-to-back  ratio  of 
the  antenna  are  estimated  from  the  field  data  by  comparison  with  a  monopole  antenna  located  near  the 
cylindrical  array.  Results  indicate  that  all  three  models  give  reasonable  predictions  of  the  performance  of 
the  antenna.  Future  efforts  will  be  directed  toward  providing  different  polarizations  and  implementing 
electrical  downtilt. 

2  Introduction 

A  new  class  of  aesthetic  communications  antennas  for  use  with  cellular  radio  base  stations  is 
discussed.  Cellular  radio  [1]  in  North  America  is  also  referred  to  as  Advanced  Mobile  Phone 
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System(AMPS).  This  popular  communications  service,  begun  in  1978,  enjoys  a  rather  substantial  market 
penetration  of  about  12  percent.  Continual  increase  in  demand  for  this  service  has  generated  increasing 
need  for  more  capacity,  lower  interference,  better  call  quality,  and  longer  portable  range.  This  in  turn  has 
spurred  the  construction  of  a  substantial  number  of  base  stations,  which  connect  the  user  to  the  public 
telephone  network.  See  Figure  1 . 

Construction  of  a  base  station  is  a  substantial  capital  investment,  in  radio  and  switching  equipment, 
in  hard-to-acquire  property,  and  in  antenna  tower  and  base  station.  See  Figure  2. 

Wireless  service  providers  typically  divide  coverage  around  a  cell  site  into  three  120-degree  sectors. 
Each  has  at  least  one  transmitting  antenna  and  two  receive  antennas.  Spatial  diversity  schemes  are  often 
implemented,  in  which  two  antennas  are  used  to  receive  the  same  signal  with  different  fading  envelopes. 
When  two  fading  envelopes  are  combined,  fading  is  reduced,  providing  an  improvement  to  system 
performance  [2].  The  antennas  that  cover  a  sector  are  usually  mounted  on  a  facet  of  a  triangular  platform 
structure  on  top  of  the  tower,  as  seen  in  Figure  3.  At  the  ends  of  such  a  facet  two  or  more  antennas  are 
mounted  and  usually  separated  by  at  least  ten  wavelengths. 

A  large  number  of  these  base  stations  and  towers  are  deployed  and  many  more  are  needed.  However, 
community  resistance  to  tower  construction  has  grown  dramatically  in  recent  years.  Many  communities 
have  stopped  or  seriously  delayed  the  construction  of  antenna  towers.  The  most  aesthetically 
objectionable  element  of  antenna  towers  are  the  triangular  antenna  mounting  platforms  with  their  clutter 
of  antennas.  The  cylindrical  antenna  system  presented  in  this  paper  relies  on  angular  and  later, 
polarization  diversity  to  eliminate  the  need  for  an  antenna  mounting  platform,  and  its  cylindrical  shape  is 
more  pleasing  to  the  eye  (Figure  4).  Figure  5  shows  a  standard  antenna  tower  with  antenna  mounting 
platform.  Figure  6  shows  the  same  tower,  with  the  cylindrical  antenna  superimposed. 

3  Cylindrical  Array  Design 

Cellular  towers  are  often  populated  with  many  monopole  antennas,  to  boost  gain  and  provide  spatial 
diversity.  Sector  antennas,  which  typically  have  60°,  90°,  or  120°  beam  widths,  are  also  widely  used  for 
spatial  diversity  because  directional  antennas  have  a  higher  gain  than  the  monopoles;  thus,  fewer  can  be 
used.  The  drawback  to  using  sectored  antennas  is  that  mobiles  must  be  tracked  as  they  move  out  of  the 
coverage  area  of  one  beam  and  into  another. 

The  sectored  concept  can  be  extended  to  several  beams  covering  the  entire  360°  azimuth.  The 
drawback  to  this  antenna  configuration  is  the  vastly  more  complicated  task  of  tracking  mobiles  into  and 
out  of  the  multiple  beam  patterns.  For  example,  consider  three  panel-antennas,  each  covering  120°  in  the 
azimuth  plane,  with  each  panel  providing  four  30°  beams.  This  configuration  covers  the  entire  azimuth. 
While  that  12-beam  configuration  has  distinct  benefits,  it  also  has  a  serious  scan-loss  problem,  which  is 
inherent  in  planar  arrays.  It  was  this  important  problem  with  multiple  beam  planar  antenna  arrays  that  led 
to  the  development  of  the  cylindrical  array,  which  provides  the  same  beam  coverage  without  scan  loss. 

The  cylindrical  array  is  composed  of  12  cylindrically  symmetric  columns  of  half-wave  dipoles 
placed  a  quarter  of  a  wavelength  above  a  cylindrical  shaped  conductor.  Figure  7  is  a  schematic 
representation  of  the  cylindrical  antenna  array:  The  array  possesses  four  horizontal  rows  of  dipole 
elements,  with  a  spacing  of  one  X,  while  the  columns  are  circumferentially  spaced  X/l  apart.  Each  beam 
is  generated  by  four  adjacent  columns  of  elements  (12  columns  total),  with  the  inner  two  columns 
delayed  by  90°  relative  to  the  outer  two  columns.  This  yields  a  beam  with  its  axis  centered  relative  to  the 
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columns.  The  numerical  electromagnetics  code  (NEC)  and  finite  difference  time  domain  (FDTD)  were 
used  to  fine  tune  this  concept.  More  details  about  the  prototype  are  provided  in  the  next  section. 

NEC  [3]  is  a  widely  used  tool  for  numerical  analysis  of  wire  antennas.  It  is  well-suited  to  an  antenna 
composed  of  conductors  and  ground  with  no  dielectrics  because  it  utilizes  the  method  of  moments,  and 
the  necessary  Green’s  function  is  known  exactly.  A  straightforward  model  of  the  cylindrical  antenna  is 
shown  in  Figure  7.  The  dipoles  are  oriented  vertically,  so  the  ground  reflector  is  represented  by 
cylindrically  arranged  vertical  wires.  The  wires  are  spaced  approximately  X/10  apart  and  have 
segmentation  equal  to  X/5.  This  segmentation  gave  nearly  identical  results  to  cases  with  such 
segmentation  equal  to  X/IO  or  X/IO.  The  remaining  eight  dipoles,  not  excited  as  sources,  are  represented 
as  50-ohm  loads. 

Figure  10  displays  far-field  plots  of  one  beam  of  the  antenna  generated  by  this  model.  The  beam 
width  is  near  30°and  the  side  lobes  are  about  12  dB  down  from  maximum  gain.  The  front-to-back  ratio  is 
about  27  dB. 

The  FDTD  method  [4]  is  not  as  well-suited  to  the  current  problem,  but  because  to  its  ease  of  use  it 
was  chosen  for  a  second  analysis  of  the  antenna,  to  verity  beam  width  and  side  and  back  lobe  levels.  A 
two  dimensional  slice  of  the  antenna  appears  in  Figure  9,  showing  the  region  as  seen  by  the  FDTD  code. 
A  rectangular  mesh  with  segmentation  of  Xy40  is  laid  over  the  domain  of  interest.  This  dense 
segmentation  renders  a  fairly  accurate  staircase  approximation  of  the  cylinder  and  allows  the  placement 
of  sources  very  close  to  their  desired  positions.  Figure  1 1  displays  a  far-field  plot  of  the  azimuth  pattern 
generated  by  this  model.  The  beam  width  is  near  36  degrees  and  the  side  lobes  are  about  15  dB  down. 

The  front-to-back  ratio  is  about  25  dB. 

Finally,  a  more  detailed  model  of  the  antenna  was  fed  into  NEC.  The  result  is  shown  in  Figure  8. 

This  model  includes  the  airline  feed  system  existing  just  above  the  surface  of  the  cylinder.  Such  an 
addition  requires  a  large  increase  in  memory,  which  is  required  for  analysis,  as  horizontal  segments  of 
the  feed  system  are  connected  to  the  cylinder.  This  adds  several  wires  to  the  mesh.  Figure  12  displays 
far-field  plots  generated  by  this  model.  The  beam  width  is  again  near  30  degrees  and  the  side  lobes  are 
about  8  dB  down.  The  front-to-back  ratio  is  about  15  dB.  There  appears  to  be  significant  radiation  in 
undesired  directions. 

The  simpler  NEC  model  and  the  FDTD  model  give  very  good  indications  of  the  beam  width,  peak 
gain,  side  lobe  level,  and  front-to-back  ratio  of  the  current  antenna.  The  more  detailed  model  predicts 
similar  results,  with  some  degradation  in  gain  due  to  the  feed  system  and  modeling  errors.  The  side  and 
back  lobes  are  a  bit  higher  as  well. 

4  Prototype  Constructed 

A  prototype  was  built,  composed  of  a  cylindrical  conductor  and  12  “columns’'.  Each  column  consists 
of  four  dipoles  fed  through  an  airline  and  baluns.  Internal  to  the  antenna  array,  each  column  feed  is 
connected  by  an  N  connector.  The  internal  beam-forming  network  consists  of  discrete  hybrid  couplers 
and  Wilkinson  splitters  with  phase-matched  cables.  At  the  bottom  of  the  antenna  assembly  are  12  input 
connectors.  The  topology  of  the  beam-forming  network  is  such  that  at  any  one  input  the  excitation  is  split 
in  four  with  the  phase  relationship  of  0°,-90®,-90°,0°.  Thus,  the  appropriate  four  columns  are  excited 
with  the  central  two  columns  being  delayed  electrically  by  90°  in  ^e  azimuth  plane.  This  allows  the 
wave  fronts  of  the  outer  two  columns  to  catch  up  with  the  two  central  columns.  The  beam-forming 
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topology  compensates  for  the  curvature  of  the  cylinder  by  phase  advancing  the  outer  columns,  bringing 
the  beam’s  wave  in-phase.  Due  to  mutual  coupling  of  the  dipoles,  a  series  of  tuning  iterations  were 
required  to  bring  the  driving  point  impedance  of  each  column  close  to  50  ohms.  The  antenna  was  tuned 
from  820  to  895  MHz  with  a  return  loss  of  10  dB  at  the  band  edges  and  25  to  40  dB  at  the  center  of  this 
range.  Stagger  tuning  could  improve  the  width  of  this  input  response,  but  was  not  pursued. 

A  far-field  antenna  range  was  not  used  in  the  testing  of  the  antenna  system.  A  mobile  equipped  with 
a  source  was  driven  around  the  antenna  site.  A  data  acquisition  system  at  the  antenna  site  collected  signal 
in  a  realistic  scattering  environment.  A  total  of  12  signals  were  recorded  over  time,  one  for  each  beam  of 
the  antenna.  From  these  data,  gain  and  front-to-back  ratio  could  be  estimated.  A  commercial  brand 
monopole  antenna  with  known  gain  was  used  to  measure  gain  of  the  antenna  under  test.  Figure  13  plots 
instantaneous  maximum  signal  among  the  12  beams  versus  time.  The  signal  recorded  6  beams  away 
from  the  maximum  (1 80“  around  in  azimuth)  is  also  shown  as  a  means  of  estimating  the  front-to-back 
ratio.  Both  traces  are  normalized  with  respect  to  the  trace  generated  by  the  monopole  antenna,  which  has 
a  gain  of  1 1 .1  dBi.  On  average,  the  gain  of  the  antenna  is  about  3  dB  higher  than  the  monopole,  putting 
it  at  about  14  dBi.  As  there  is  a  3  dB  loss  associated  with  the  feed  system,  this  value  is  fairly  close  to  the 
theoretical  predictions.  The  front-to-back  ratio  appears  to  be  about  20  dB,  which  is  also  reasonably  close 
to  theory. 

5  Future  Work 

An  antenna  of  this  type  should  have  elevation  beam-adjustment  for  users  that  require  that  groups  of 
beams  or  individual  beams  be  adjusted  routinely.  The  issue  of  an  economical  phase  shifter  becomes 
important  as  well  as  its  range  in  phase  shift.  The  underlying  concept  is  to  subdivide  the  array  into  sub¬ 
arrays  with  their  own  relative  phase  relationship  to  the  adjacent  sub-array.  Control  of  the  amount  of  this 
relative  phase  yields  the  required  amount  of  elevation  plane  beam-steering.  The  concept  of  polariMtion 
diversity  can  be  employed  by  using  orthogonal  array  elements  such  as  crossed  dipoles  fed  with  baluns. 
The  advantage  here  is  that  the  phase  centers  for  the  elements  are  collocated,  producing  a  high  degree  of 
cross  polarization  purity.  This  should  translate  into  a  good  non-correlation  of  any  collocated  beam 
formation;  that  is,  slant-left  and  slant-right  linear  polarization  covering  the  same  beam  direction. 

Preliminary  investigation  indicates  that  this  antenna  can  be  scaled  down  for  use  in  personal 
communication  system  (PCS)  applications. 
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Figure  9  Cross  Section  of  Cylindrical  Array  (FDTD  Model) 


Figure  10  Azimuth  Plot  of  Far  Field  for  Model  of  Figure  7 
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Figure  1 1  Far  Field  Plot  for  FDTD  Model 
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ABSTRACT 

Feasibility  of  non-contacting  radiometry  for  temperature  retrieval  has  been  considered.  A  two- 
dimensional  problem  has  been  investigated,  both  the  body  and  the  antenna  exhibiting  cylindrical 
symmetry.  The  antenna  is  composed  by  two  reflectors  and  a  horn.  The  reflector  shaping  has  been 
performed  by  geometrical  optics,  and  one-to-one  mapping  of  points  of  two  wavefronts,  on  the  horn 
aperture  and  on  a  surface  close  to  the  body,  respectively.  A  local  technique  for  the  analysis  of  the 
field  radiated  in  the  close  vicinity  of  the  objects  can  be  used  to  single  out  the  wavefronts  needed  by 
the  synthesis. 


INTRODUCTION 

Multi-frequency  radiometry  is  the  spectral  measurement  of  the  electromagnetic  field 
spont^eously  irradiated  by  a  lossy  body  in  the  microwave  frequency  range.  The  spectrum  of  the 
radiation  detected  by  a  radiometer  is  dependent  on  the  local  temperature  distribution  inside  the  body. 
It  is  this  dependency  that  allows  multi-frequency  radiometry  to  used  for  near-fleld  sensing  of  body 
temperature.  In  fact,  information  about  interior  temperature  is  contained  in  radiometric  data  measured 
externally  to  the  body  and  can  be  extracted  through  a  temperature  retrieval.  A  major  source  of  system 
errors  or  even  impracticability  of  microwave  radiometry  for  body  temperature  measurement  is  the 
antenna. 

In  a  previous  paper  [1]  we  have  proposed  a  cylindrical  dual-reflector  antenna  as  a  possible  non¬ 
contacting  device  to  collect  thermal  radiation.  Preliminary  2-D  design  and  analysis  have  been 
performed  on  a  cross-section  of  the  antenna  system  including  a  TEM  horn,  two  reflectors  and  a 
layered  lossy  cylinder  simulating  a  human  body.  The  synthesis  has  been  performed  by  extension  of  a 
method  developped  by  Kildal  [2]  for  the  Arecibo  radio  telescope. 

Due  to  reciprocity  in  antenna  theory,  the  problem  of  collecting  thermal  radiation  emitted  by  (a 
portion  of)  a  body  is  that  of  focusing  antenna  radiation  to  (that  portion  of)  the  body.  Since  body 
permittivity  and  electrical  conductivity  attain  high  values  at  radiometric  frequencies,  a  plane  wave 
impin^ng  the  body  from  a  free-space  is  reflected  at  the  skin-air  boundary.  Moreover,  radiation 
transmitted  to  the  body  undergoes  strong  damping  when  it  propagates  through  tissues.  Therefore,  our 
synthesis  has  been  oriented  to  match  the  electromagnetic  field  radiated  by  the  antenna  to  the  field  that 
is  generated,  in  a  region  close  to  the  body,  by  a  deep-seated  source  within  the  body. 

In  the  method,  ray  optics  is  used  to  map  the  wavefront,  F//,  on  the  horn  aperture  into  a 
corresponding  wavefix)nt,  F^,  on  a  surface  enclosing  the  body  and  close  to  it.  To  deal  with  problems 
on  a  plane,  body,  horn,  reflectors  and  sources  are  assumed  as  cylinders,  the  z-axis  being  normal  to  the 
plane.  Due  to  the  simple  geometry  of  the  horn  (two  metal  strips  from  two  planes  at  angle  j5)  and  the 
body  (a  dielectric  circular  cylinder),  the  computation  of  F//  and  F^  has  been  performed  analytically. 
In  more  general  instances,  it  would  be  performed  numerically.  So  our  method  is  hybrid  because  a 
local  numerical  technique  (e.g.,  FDTD)  can  be  used  together  with  geometrical  optics.  Since 
diffraction  effects  are  neglected  in  the  reflector  shaping,  we  finally  used  FDTD  to  analyse  the 
electromagnetic  field  radiated  by  the  system. 
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A  FOUNDATION  FOR  NEAR-FIELD  NON-CONTACTING  RADIOMETRY 

Microwave  radiometry  is  based  on  the  measurement  of  spontaneous  temperature-dependent 
electromagnetic  emission  from  lossy  bodies.  Maps  of  sub  superficial  temperatures  can  be  obtpned^y 
inversion  of  data  measured  by  a  radiometer  operating  at  various  microwave  frequencies,  ^e 
mathematical  problem  can  be  formulated  as  the  solution  of  the  following  Fredholm  integral  equation 
of  first  kind  in  the  temperature  T  with  discrete  data  g 

g(fn>=  fW(r,f„mr)dr  (D 

where  Qq  is  the  emitting  body  and  is  a  weighting  function  depending  on  the  antenna  in  use. 
Because  reciprocity  in  antenna  theory,  W  can  be  obtained  by  the  power  loss  term  at  points  r  of  £2g 
when  the  antenna  radiates  onto  the  body  at  frequency  /n[3].  Note  that  a  particular  antenna  affects 
radiometric  resolution  and  accuracy  through  the  weighting  function.  Spurious  effects,  which  are  due 

to  antenna  sidelobes  and  thermal  noise,  must  be  kept  low.  -j  i.-  u 

In  most  radiometric  systems  the  antenna  is  a  dielectrically-filled  truncated  waveguide  which 
contacts  the  surface,  dQg,  of  the  body.  Since  a  contacting  antenna  has  some  disadvantages,  we  are 
considering  the  feasibility  of  a  non-contacting  device.  As  a  first  non-contacting  device  let  us  considCT 
plane- wave  observation,  i.e.,  far-field  radiation  to  an  antenna  focused  to  infinity.  We  assume  a  layered 
cylindrical  model  for  £2^-  the  physical  parameters  being  those  of  skin,  fat,  muscle  and  bone  in  this 
order,  and  sl  TE^  x-propagating  plane- wave.  CO/^  ^  ^  ^  hot-spot  to  be  retrieved  radiometrically 

(Fig,  1).  For  this  geometry  closed  form  computations  can  be  performed.  The  weighting  function  is 
reported  in  Fig,  2  for  some  frequencies  in  a  band  commonly  used  for  medical  applications  of 
microwave  radiometry.  The  hot  spot  has  been  retrieved  by  means  of  a  singular-function  expar^ion 
detailed,  e.g.,  in  [4].  Results  are  shown  in  Fig.  3  in  the  absence  of  noise  and  system  errors.  Poor 
resolution  can  be  appreciated. 


Fig.  1-  Cross-section  of  a  layered  skin-fat-muscle-bone  cylinder.  Hot  spot 
(i)h,s.  to  be  retrieved  radiometrically,  QeWhs.,  Cartesian  ix,y,z),  and 
cylindrical  (p^,  )  co-ordinate  systems  also  shown. 

We  expect  improved  resolution  from  a  finite-extent  plane-wave.  Therefore  the  impinging 
field  has  been  assumed  to  be  a  gaussian  pulse  on  a,  where  (X  is  the  plane  x  =  0,  tangent  to  the 
cylinder 
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(2) 


H['‘Uy)  =  Hae 

w  is  the  gaussian-pulse  waist  and  Hq  =  l  A/m.  The  field  computation  was  performed  analytically  by 
expansion  of  the  gaussian  pulse  into  a  finite  sum  of  uniform  plane  waves,  for  proper  values  of  the 
amplitudes  and  phases.  Once  the  gaussian-pulse  response  has  been  calculated  and  the  weighting 
function  has  been  obtained  as  the  power  loss  inside  Qg,  the  retrieval  of  is  performed  as  before. 
The  dia^ams  of  Fig.  4  show  that  better  resolution  is  achieved  with  respect  to  single  plane-wave 
observation.  We  conclude  that  improved  retrievals  are  expected  by  a  non-contacting  antenna  radiating 
a  beam  the  cross-section  of  which  is  a  finite-extent  (like  a  gaussian)  pulse  on  a. 


radial  disumce  (  in  ) 


Fig.  2  -  Weighting  function  W(pg,(pQ;  f)  vs.  ps  for  =0,;r.  0  dB  level 
at  fat-muscle  interface. 


Fig.  3  -  Hot-spot  temperature  retrieval  by  data  at  8  equi-spaced  frequencies 
in  the  band  1-4.5  GHz  and  (a)  plane-wave  observation  from 
direction  (pg  =  n,  (b)  finite-extent  beam,  Gaussian  pulse  waist  about  A/2  at 
each  frequency.  Contour  levels  are  fractions  of  the  maximum. 
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REFLECTOR  SHAPING 

In  this  paper  the  synthesis  of  the  radiometric  antenna  is  concentrated  on  reflector  shaping  by 
geometrical  optics.  A  wavefront,  f"//.  is  assumed  on  the  horn  aperture.  For  the  sake  of  simplicity, 
Fff  is  a  cylinder,  whose  cross-section  on  is  a  circle,  centre  O//  and  radius  i?//.  If  p// ,  <Ph  are  polar 
co-ordinates,  the  field  radiated  by  the  horn  is  assumed  as 


(3) 


vanishing 


where  A  is  a  constant,  Icq  is  firee-space  wavenumber,  and  0=1  for  0<<pH  -P 

elsewhere.  .  .  _  ,  ■  • 

A  ray-optics  model  for  body  radiation  deserves  more  consideration.  Thermal  emission  trom  m 
elemental  volume  can  be  modelled  as  radiation  from  currents  densities  within  the  element.  In 
cylindrical  structures  z-directed  magnetic  currents  radiate  TE2  polarized  fields.  Therefore  the 
following  magnetic  source  is  considered  on  the  z  =  0  plane: 


JJx,y)=I^5(x-XQ,y-yQ) 


(4) 


where  Q  =  (XQ,yQ)  is  a  point  of  Wh  s,  and  S  is  Dirac  delta  function.  The  Green  function,  G(PIQ), 
for  a  homogeneous  dielectric  cylinder  is  well  known  [5].  To  compute  the  field  at  points  outside  the 
body  we  use  the  Green  function  for  a  homogeneous  muscle  cylinder  instead  of  the  Green  function  of 
the  multilayer  cylinder,  because  it  is  faster.  In  fact,  e  and  cr  of  skin  and  muscle  coincide,  morwver 
the  narrow  fat  layer  and  the  bone  core  lightly  affect  radiation  from  the  body.  Due  to  the  cylindrical 
symmetry,  the  field  radiated  by  the  magnetic  source  of  equation  (4)  is  computed  at  points 
P  ^5)  of  a  polar  frame  centred  in  (Fig.  1).  ,  .  . 

A  wavefront  of  the  field  radiated  by  the  magnetic  source  of  equation  (4)  is  obtained  by  solving  the 
following  non  -linear  equation  in  ps 


Arg[G(ps,(ps  / XQ,yQ)J  -T)  -0 


(5) 


for  Ji/2  <  <p£  <  where  77  is  a  real  number.  This  procedure  identifies  an  equiphase  surface,  T  , 
for  radiated  field  (Fig.  4).  To  verify  that  T  is  also  a  wavefront  at  some  distance  from  the  body, 
the  normal  h  is  computed  at  points  belonging  to  T,  then  the  dot  product  of  h  with  the  unit  vector 
directed  as  the  real  part  of  the  Poynting  vector  is  verified  to  be  1.  Moreover,  if  F'  is  a  different 
wavefront  corresponding  to  t]\  the  straight  line  through  corresponding  points  of  F  and  F'  is 
verified  to  be  at  right  angles  with  the  two  surfaces.  This  proves  the  line  to  be  a  ray.  F^,  which  is  the 
second  wavefront  for  the  synthesis,  is  a  surface  F  very  close  to 

The  synthesis  is  performed  on  the  plane  z  =  0  and  is  aimed  at  determining  N  points  for  each  Si 
and  S2  together  with  curvature  parameters:  normal  and  curvature  radius  (the  second  curvature  radius 
being  ").  The  synthesis  is  based  on  one-to-one  mapping  of  points  off'//  ^o  corresponding 
points  P^”-*  ofFg,  by  enforcing  power  conservation  inside  ray-tubes  and  ray  reflection  at  points  of 
and  S2  (Fig.  5).  Let  the  n-th  ray  path,  l!''\  be  known.  Therefore  Pf”'*  and  P^”^  as  well  as  the 

normals,  and  are  also  known.  The  curvature  radii,  and  can  be  obtained  by 
enforcing  ray  tube  matching  after  reflection  by  reflectors  (to  perform  this  calculation,  backward  ray 
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propagation  is  assumed  from  to  52).  Once  and  p(”'*  have  been  determined,  a  parabola 
can  be  found  through  as  a  local  approximation  of  Sj.  The  intersection  of  and  the  n  + 1  -th 
ray  gives  and  Analogous  computation  can  be  made  for  the  second  reflector,  then  a  new 

iteration  can  start.  The  initial  ray  path  is  passing  through  an  edge  of  each  surface  involved  in  the 

synthesis.  Since  the  overall  size  of  the  antenna  depends  on  also,  it  must  be  selected  carefully.  To 
be  useful  in  a  clinical  environment,  the  radiometer  system  should  be  relatively  small  and  allow 
simultaneous  different  operations  on  the  patient.  This  observation  adds  further  requirements  to  the 
antenna  design.  A  result  is  shown  in  Fig.  6. 


Fig.  4  -  Wavefront  for  the  electromagnetic  field  radiated  by  a  magnetic- 

current  Dirac  source  at  Q.  Ray  congruence  also  shown. 


(body)  is  reflected  by  (main  reflector)  and  S2  (sub-reflector).  Vectors 
r^,ri,r2  from  to  ^2  also  shown. 

Some  approximations  have  been  made  in  the  above  procedure,  especially  where  the  wavefronts 
on  the  horn  and  the  body  are  determined.  Moreover,  diffraction  effects  are  not  negligible  due  to  small 
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size  of  the  various  objects  and  relative  distances  in  terms  of  wavelength.  So  an  analysis  of  the 
electromagnetic  field  inside  a  2D  domain,  including  the  antenna  and  the  b^y,  has  been  performed  by 

FDTD,  400x400  cells  and  Mur  first-order  ABC  (Fig.  7).  Diagrams  of  on  the  a  plane  are  shown 
in  Fig.  8  for  various  frequencies.  Each  diagram  has  a  central  part  in  front  of  £2^  ,  where  the  curve  is  a 
good  approximation  of  a  gaussian  pulse,  and  sidelobes. 


Fig.  6  -  Result  of  the  synthesis.  Ray  congruence  also  shown 


Fig.  7  -  2D  FDTD  analysis.  Field  radiated  by  a  magnetic  source  at  the  hom 
vertex. 


CONCLUSION 


The  problem  of  the  synthesis  of  a  dual-reflector  antenna  for  non-contacting  microwave 
radiometry  has  been  considered.  A  finite-extent  antenna  beam  on  a  plane  tangent  to  the  body  has  been 
shoNsm  to  allow  improved  thermal  resolution  with  respect  to  plane-wave  observation.  The  reflector 
shaping  has  been  performed  by  geometrical  optics,  provided  the  wavefronts  close  to  the  receiving 
horn  and  the  body  are  determined.  The  wavefronts  have  been  approximated  by  means  of  analytical 
models,  while  they  could  be  obtained  numerically  in  a  more  realistic  case.  FDTD  analysis  of  the 
electromagnetic  field  for  the  synthesised  antenna  provides  results  in  agreement  with  the  requirements. 
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An  Evaluation  of  Software  Packages  Based 
on  Moment  Methods  for  TV  Antenna  Design 

By  Ignacio  F.  Anitzine,  Cristina  Jaureguibeitia  and  J.  A.  Romo 


Abstract.  The  fact  of  having  to  design  a  new  real  antenna  has  let  us  make  an  evaluation  of  different  progi^s  for 
antenna  design,  which  is  here  presented.  The  programs  involved  are  Antenna  Optimizer  AO  6.5,  Minmec 
Professional  1.5  and  NeeWin  Professional  1.0.  All  of  them  are  based  on  the  method  of  moments.  The  analysis  is  m 
well  about  the  friendliness  for  worii  as  about  the  way  of  working.  Concretely,  we  deal  about  the  way  of 
approximating  current  distribution,  the  proper  number  of  segments  and  execution  rate. 


1.  Introduction 

Last  year  we  developed  a  new'  antenna  design  for  TDTV  (Terrestrial  Digital  Television)  in  the  bands  IV  and  V  (450-900 
MHzy  In  order  to  arrive  at  good  results  without  a  great  cost  of  time,  we  began  looking  for  the  best  antenna 
software  tools.  At  last  we  decided  to  use  three  different  software  packages  to  be  sure  of  our  design  results  before 
constructing  prototypes;  Antenna  Optimizer  (AO  6.5),  Mininec  Professional  1.5  and  NeeWin  Professional  1.0. 

We  have  had  to  use  them  for  a  long  time.  The  aim  of  this  article  is  to  present  our  experience  with  these  three  program 
and  to  present  an  evaluation  of  these  tools  which  all  based  in  method  of  moments.  We  give  our  own  opinions  about  the 
visuahsing  tools  included  in  the  packages  and  about  other  aspects  as  the  kindness  for  introducing  geometries. 

After  this  subjective  analysis,  we  began  with  an  evaluation  of  the  programs  in  purely  teorethical  terms.  In  regard  to  tins 
point  we  analysed  if  they  used  point  matching  or  a  certain  approximation  for  the  current  along  each  wire  segment,  and  m 
this  latest  case  which  one. 

On  another  hand  we  studied  about  how  to  determine  the  number  of  segments  which  drives  to  better  results.  At  first  we 
describe  the  ways  of  introducing  this  number,  if  it  is  an  automatic  or  a  handily  one.  Later  w  e  put  our  attention  on  the 
criteria  of  the  software  packages  to  decide  if  the  geometry  is  well  defined  in  regard  to  the  number  of  segments,  ^t  is,  if 
the  segment  length  is  not  too  large  compared  to  the  wave  length  but  if  it  is  large  enough  to  the  wire  radius  and  others. 
Finally  we  made  programs  mn  with  a  same  geometry  but  different  number  of  elements,  comparing  the  obtained  results  in 
terms  of  gain,  radiation  patterns  and  impedance  for  each  number  of  segments  to  the  corresponding  values  with 
ejqierimental  measurements. 

Besides  we  probed  the  programs  about  execution  rate,  determining  which  hardware  characteristic  if  more  important  for 
each  program  to  operate  at  the  highest  rate. 


2.  About  visualising  tools,  way  of  introducing  geometries  and  other  topics 


We  are  going  to  present  our  particular  point  of  view  about  some  characteristics  of  the  three  programs  evaluated:  Antenna 
Optimizer  Professional  6.5,  NeeWin  Professional  1.0  and  Mininec  Profesional  1.5.  AO  works  at  a  higher  computational 
rate  than  the  other  programs.  NeeWin  is  the  slowest  whilst  Mininec  is  fast  but,  for  a  complex  geometry  as  ours,  it  is 
necessary  to  calculate  the  radiation  patterns  fiequency  by  fiequency.  A  usefiil  characteristic  offered  by  AO  and  Mininec  is 
the  indication  about  the  evolution  of  the  execution,  so  you  can  guess  how  much  time  is  necessary  to  finish. 
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These  two  latest  programs  run  on  Windows  and  have  a  presentation  interface  kinder  than  AO,  which  must  be  run  on 
MS-DOS.  The  way  of  introducing  the  geometry  under  study  is  simple  in  the  three  programs.  In  NecWin  and  AO  you 
define  each  wire  indicating  the  coordinates  of  the  start  and  end  points  and  the  radius,  whilst  in  Mininec,  first  you  define 
each  node  and  later  the  start  and  end  nodes  of  each  wire.  In  this  latest  program  you  can  not  use  edit  tools  as  “copy”  and 
“paste”  ones,  that  simplify-  the  geometry  introducing  task.  AO  allows  you  to  define  some  variables  so  in  this  way,  changes 
of  dimensions  are  faster.  For  e.\ample  you  can  define  all  the  antenna  as  a  function  of  a  dimension,  typically  the 
wa^•elength  at  the  design  fiequency .  and  then  modify-  this  variable.  This  is  one  of  the  greatest  characteristics  of  AO. 
Ne\-ertheless.  NecWin  artd  Mininec  have  another  tools  as  “scale”,  “translate”  and  “rotate”.  On  another  hand,  Mininec 
gi\’es  an  e\  aluaiion  of  the  geonteny  according  to  the  criteria  we  will  explain  later. 

In  regard  to  the  visualising  tools.  AO  presents  less  possibilities  of  presentation.  For  example,  it  is  not  possible  to  obtain 
plots  in  colour  or  scale  them.  Moreov’cr,  in  the  other  two  programs,  currents  can  be  analysed  in  a  graphical  quantitative 
way-.  NecWin  can  be  used  to  obtain  comparative  plots  in  a  very  easy-  way.  All  of  the  programs  allow  to  display  in  3D  as 
well  the  model  geometry  as  the  radiation  patterns,  but  only-  NecWin  and  Mininec  give  printed  copies  of  the  model 
geometry-. 

But  the  main  and  differential  characteristic  of  AO  is  its  capacity  of  optimization,  despite  of  the  great  time  required  in  this 
mode  to  reach  at  good  results.  With  our  experience  in  TV  antenna  design  we  developed  the  first  approximation  of  our 
geometry-.  Later  this  AO  capability-  was  fundamental  to  arrive  at  more  exaa  dimensions. 


3.  Approximating  the  current  distribution 

There  are  sex  eral  moment  methods  depending  on  the  way  to  approximate  the  current  distribution. 

AO  uses  the  wire  segmentation  to  model  conductor  current  in  sections  called  pulses.  Within  each  pulse  the  current  is 
considered  as  uniform.  These  pulses  are  centred  at  segment  junctions  and  have  the  same  length  as  segments.  No  pulse 
ov'erlaps  the  last  half  segment  of  an  uncormected  wire  end.  A  pulse  is  placed  at  each  wire  junction  and  overlaps  omo  two 
wires,  so  in  a  junction  of  n  wires  there  are  only-  n-1  poises. 

On  the  other  side,  in  Mininec  the  wire  is  subdi\ided  into  segments  and  the  current  is  expanded  in  triangles  centred  in  the 
adjacent  segment  junctions  as  it  is  illustrated  in  Figure  3.1  (a)  extracted  from  the  Mininec  reference  manual  The  end 
points  have  no  triangles.  If  a  second  wire  is  attached  to  one  end  of  the  first,  the  triangles  in  the  second  wire  are  located  as 
in  the  first  case,  However  a  full  triangle  is  located  at  the  attachment  end  as  it  is  illustrated  in  Figure  3.1  (b).  Each  half  of 
the  triangle  assumes  the  dimensions  appropriate  to  the  segment  of  each  wire.  So,  as  in  the  case  of  AO,  in  a  junction  of  n 
wires  there  are  only  n-1  ov  erlapping  triangle  pulses 


/xxxx>o. 


(a)  (b) 

□  Figure  3.1 

Finally,  we  are  sorry  to  inform  you  that  w-e  have  no  information  about  how  NecWin  Pro  approaches  the  current  because 
this  information  is  not  provided  in  hs  reference  manual  and  mannak  have  been  our  sources  for  this  point. 
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4.  How  to  decide  about  the  proper  number  of  segments 

There  are  four  key  factors  that  determine  how  close  a  computer  analysis  is  to  the  “real  world”  performance  of  an  antenna. 
These  factors  are: 

1. -  The  numerical  methods  employed  and  how  well  these  methods  are  implemented  in  a  computer  code. 

2. -  The  inherent  accuracy  of  the  computer. 

3. -  How  well  the  numerical  model  corresponds  to  the  physical  model. 

4. -  The  user’s  experience  in  recognising  problem  areas. 

In  the  previous  chapter  we  have  seen  how  the  method  of  moments  approaches  to  the  current  distribution.  Now  we  can 
discuss  about  the  best  way  to  determine  the  number  of  segments,  directly  regarded  to  the  accuracy  of  the  results.  The 
moment  methods  makes  some  suppositions  whose  validity  depends  on  the  dimensions  of  the  segments  considered.  It 
aRsaitneiQ  that  all  the  Current  is  in  the  axial  direction  on  the  segment  and  there  is  no  allowance  for  variation  of  the  current 
around  the  wire,  so  the  relation  between  radius,  length,  and  wavelengths  should  accomplish  some  rules. 

In  AO  you  can  let  it  segment  wires  automatically  or  you  can  specil>-  the  number  of  segment  for  one  or  more  wires. 
Increasing  the  number  of  segments  generally  improves  accuracy’  but  analysis  takes  more  time  and  there  is  always  a  hmit. 
Generally  between  4  and  40  segments  per  halfwave  of  wire  provides  useful  results.  Besides  the  segments  should  not  be 
too  short.  The  length  of  each  segment  must  be  greater  than  O.OOOl/i  and  greater  than  the  wire  diameter.  A  warning 
message  is  displayed  when  either  of  these  limits  is  exceeded. 

The  maximum  number  of  pulses  (and  consequently  the  number  of  segments)  you  can  define  in  AO  is  only  determined  by 
the  available  memory’.  For  om  case,  in  which  we  have  32  MB  of  memory  and  our  design  is  a  free-space  symmetric 
model,  there  are  4026  pulses  available. 

In  regard  to  wire  junctions,  the  segment  lengths  in  the  wires  involved  should  not  be  too  disimilar.  When  automatic 
segment-length  tapering  is  enabled,  AO  analyses  the  junctions  and  correct  them.  By  default,  a  ratio  of  2  is  set  and  it  is 
the  highest  value  which  leads  to  valid  results  but  it  can  be  modified. 

Mininec  allows  to  establish  your  own  criteria  used  for  the  Definition  evaluation  but  it  gives  a  set  of  defeult  values.  Each 
wire  should  be  subdivided  iirto  segments  comparable  to  less  than  O.IX..  The  accuracy  is  seriously  reduced  if  segments  are 
greater  than  0.2?..  At  the  same  time,  the  shortest  permi^ible  segment  is  determined  by  the  wire  radius.  The  ratio  of 
segment  length  to  wire  radius  should  be  maintained  greater  than  8.  Some  reasonable  results  can  be  obtained  down  to  2. 
Besides  the  wire  radius  should  satisfy  that  it  is  thinner  than  0.01a.  If  wires  are  fatter  than  0.03a  the  results  may  be  in 
error.  In  this  program  the  maximum  number  of  wire  segments  is 

At  wire  junctions  there  must  not  be  great  differences  between  the  wires  involved.  For  good  results,  the  length  ratio  should 
be  less  than  2  and  values  greater  than  5  should  always  be  avoided,  the  ratio  of  the  radii  of  wires  at  a  junction  should  be 
minor  than  10  but  ratios  of  100  have  also  shown  reasonable  results. 

When  the  definition  evaluation  criteria  are  not  accomplished  the  violations  are  indicated  in  the  Evaluation  summary. 

Finally,  in  NecWin  Pro  the  length  of  a  segment  should  be,  at  least,  less  than  O.IX  and  2na/?.,  where  “a”  is  the  radius  of 
the  wire,  has  to  be  much  less  than  1  for  valid  results.  In  wire  junctions  a  large  radius  change  between  coimected  segments 
may  decrease  accuracy  but  there  are  no  numerical  rules  in  this  program.  We  can  follow  the  criteria  of  the  other  software 
packages.  We  can  define  until  2000  segments  in  a  model. 

In  all  the  programs  crossed  wires  are  not  modelled  and  close  wires  should  also  be  avoided.  There  should  be  several  radii 
zpait 
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All  of  these  are  rules  indicated  in  the  corresponding  manuals  of  each  program.  In  the  foUowing  graphics  and  tables  there 
is  a  comparison  of  the  results  obtained  when  you  consider  a  different  number  of  segments  for  a  given  geometry  within  a 
frequencv-  band.  We  introduced  the  geometry  of  our  antenna  design  (Figure  4.1)  with  330, 661  and  1321  segments. 


We  can  say  that  the  \alues  of  gain  and  the  radiation  patterns  are  maintained  more  or  less  unaffected  with  the  number  of 
segments.  The  \alues  of  gain  obtained  with  the  three  programs  are  similar,  a  bit  more  optimistic  in  NecWin  Basic  and 
Mininec  than  in  AO.  But  if  we  compare  them  with  experimental  measurements,  w'e  will  find  out  that  the  nearest  ones  are 
the  ^'alues  fiom  Mininec.  In  an>'  waj',  erqrerimental  results  are  better  than  simulations,  so  we  can  trust  in  the  Hpqgnc 
There  is  also  accordance  between  simulated  radiation  patterns  and  measured  ones. 


Frequency 

AOFnrf.6.5 

NecWin  Prof.LO. 

Mininec  FroLXS 

Measurematts  : 

450  MHz 

9.25  dB 

9.87  dB 

9.69  dB 

9.80  dB 

500  MHz 

9.69  dB 

10.39  dB 

10.19  dB 

10.20  dB 

550  MHz  j 

10.20  dB 

11.01  dB 

10.77  dB 

ll.lOdB 

600  MHz 

10.83  dB 

11.78  dB 

11.48  dB 

12.03  dB 

650  MHz 

11.61  dB 

12.63  dB 

12.29  dB 

12.48  dB 

700  MHz 

12.37  dB 

13.23  dB 

12.93  dB 

12.11  dB 

750  MHz 

12.68  dB 

13.32  dB 

13.10  dB 

*00  MHz 

13.13  dB 

13.98  dB 

13.74  dB 

14.68  dB 

S50MHZ 

14.53  dB 

14.83  dB 

15.04  dB 

15.30  dB 

900  MHz 

14.91  dB 

13.75  dB 

15.25  dB 

14.92  dB 

□  Table  4.1 

For  the  measurements,  we  used  a  network  analyser  (HP  8753C)  controlled  Iw  a  PC  through  our  own  HPVEE  programs  to 
measure  S  parameters,  gain.  F/B  and  radiation  patterns.  The  measurements  took  place  in  the  “L”  outdoors  measurement 
field. 

Bigger  differences  are  found  in  the  impedance  values  and,  consequently,  in  the  VSWR,  due  to  the  selected  number  of 
segments.  We  have  made  three  graphics  (Figure  4.2)in  which  it  can  be  observ'ed  the  differences  between  the  results  of 
each  program  in  case  of  using  a  certain  number  of  segments  and  the  real  values  obtained  b>'  experimental  measurements. 
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□  Figure  4.2 
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In  regard  to  VSWR,  only  given  by  AO  and  NecWin  (Mininec  presents  impedance  values,  with  which  one  must  calculate 
VSWR  if  you  want  to  know),  AO’s  ones  appear  to  be  more  reliable. 


5.  About  execution  time 


One  of  the  most  important  point  of  evaluation  of  the  software  packages  is  the  execution  time.  When  the  process  requires 
a  considerable  time  to  give  good  results  the  simulation  task  becomes  in  a  boring  one.  We  have  analysed  the  operation 
time  of  each  program. 


We  hav'e  found  that  the  time  required  by  each  program  to  give  results  is  more  or  less  proportional  to  the  number  of 
frequencies.  However,  the  execution  time  increases  rapidly,  more  than  proportionally,  as  the  number  of  specified 
segments  grows  up.  The  software  package  which  appears  to  be  faster  is  Antenna  Optimizer  (AO  6.5),  in  which  there  are 
no  time  differences  in  using  automatic  or  not-automatic  segmentation.  In  the  second  place  it  could  be  Mininec 
Professional  b^  as  we  said  before,  it  has  the  drawback  that  radiation  patterns  at  every  fiequency  must  be  calculated 
separately,  so  it  is  needed  a  person  to  be  in  front  of  the  computer  to  obtain  the  results  that,  in  the  two  other  programs,  are 
obtained  without  human  interaction.  The  measured  times  required  bj^  each  program  to  calculate  currents  and  radiation 
patterns  at  10  frequencies  are  presented  in  the  foUowing  table  aable  5.1).  Tests  have  been  made  with  a  PC  Pentium  at 
120  MHz  and  with  32  MB  RAM. 


AOP«rf.6^ 

■'rr'Mmineclhnid:  W 

330^S^^9ate'  r: 

1  min  10  s. 

10  min.  20  s. 

1  min.  49  s.’ 

-  - 

4  min  25  s. 

Ih.  14  min.  10  s. 

12  min.  4  s.  ” 

1321  SegmieaBts* 

21  min.  56  s. 

9h.  54  min.  20s. 

Ih.  20  min.  55  s'" 

□  Table  5.1 

This  is  the  time  required  for  current  calculation  at  ^10  frequencies.  To  calculate  currents  mid  radiation  patterns 
at  each  frequency  they  are  necessary’  1  min  4  s.”  In  this  case  they  are  necessary  2  min.  39  s  *'*  They  are 
necessaiy  1 1  min.  25  s.  for  currents  and  radiation  patterns  at  each  frequency. 

On  another  hand  we  have  made  a  more  exhaustive  analysis  of  Mininec  and  NECWin  programs  using  one  of  the  utilities 
provided  by  Windows  NT,  the  Monitoring  Performance.  In  this  way,  we  have  been  able  to  discover  the  bottlenecks  of  the 
process,  that  is,  which  hardware  characteristic  is  determining  in  a  greater  way  the  execution  time.  We  have  centred  our 
attention  in  three  main  points:  the  processor  time,  which  includes  as  well  the  processor  as  the  RAM  memory,  the  disk 
access  time  and  finally,  the  virtual  memoiy  pages  per  second.  The  last  item  gives  us  an  idea  of  the  lack  of  RAM  raemory: 
as  higher  as  its  number  is,  more  RAM  memory  would  be  necessary  .  In  Figure  5.1  it  could  be  seen  a  comparison  of  the 
obtained  diagrams  for  NecWin  and  Mininec  in  the  case  of  661  segments. 

We  have  repeated  the  same  tests  with  a  computer  486  DX4  at  100  MHz  with  16  MB  RAM.  As  it  would  be  expected, 
execution  takes  more  time.  There  is  no  a  great  increasing  of  virtual  memory  pages  per  second  in  Mininec  so  it  can  be 
said  that  it  is  limited  by  the  micro  used.  As  it  can  be  seen  in  the  figure,  in  certain  moments,  NecWin  Professional 
requires  a  great  number  of  virtual  memory'  piages  per  second,  which  shows  us  that  this  program  is  mainly  limited  by  the 
RAM  memory'. 
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□  Figure  5.1 


6.  Conclusions 


We  can  say  that  the  selected  number  of  segments  is  the  most  important  point  in  simulation  task.  For  the  study  of  our 
geometiy  we  have  decided  to  use  661  segments,  so  we  can  obtain  good  re^ts  in  a  reasonable  period  of  time.  Besides,  a 
greater  number  does  not  always  drive  to  better  results  because  some  of  the  assumptions  of  the  method  of  moments  begin 
not  to  be  true.  This  is  the  case  of  NecWin  in  VSWR  calculation.  The  influence  of  the  number  of  segments  is  variable 
depending  on  the  software,  being  AO  6.5  the  most  unaffected 

Nevertheless,  we  can  not  forget  that  simulations  are  simulations,  and  it  is  always  necessary  to  make  experimental 
measurements  which  gives  us  the  real  behaviour  of  the  involved  antenna.  The  results  about  gain  and  radiation  patterns 
are  more  or  less  reliable  but  VSWR  values  from  the  three  programs  differ  from  the  real  world  Despite  these  differences, 
software  packages  are  a  decisive  tool  in  antenna  design  because,  through  their  capabiUties  as  optimization,  they  allow  to 
reduce  the  task  of  constructing  prototypes. 
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INTRODUCTION 

The  scattering  of  radio  waves  from  cylindrical  structures.  Felsen  and  Marcuvitz  (1).  such  as  underground  pipes  etc. 
continues  to  be  of  interest  in  radar,  communications  and  navigation.  Numerical  methods  can  of  course  model  such 
situations  using  techniques  such  as  the  method  of  moments  or  finite  elements  but  the  computational  resources  demanded 
are  often  excessive  for  many  practical  applications  and  a  simpler,  yet  reliable  method  of  estimating  the  scattering 
behaviour  would  be  usefiil.  As  far  as  w'e  are  aware  no  simple  closed  form  solution  exists  that  will  accommodate  a  varietv 
of  application  needs.  In  evolving  a  simpler  solution  we  have  been  influenced  by  the  present  trend  of  supplementing 
computational  procedures  with  analytical  expressions  to  reduce  the  volume  of  processing  and  hence  the  computational 
resources  demanded.  Such  hybrid  analytical  /  computational  methods  will  of  course  only  be  applicable  over  the  narrower 
range  of  physical  conditions  delineated  by  the  analytical  content  but  over  that  range,  the  simplified  hybrid  method  will 
out-perform  a  large  scale  numerical  computational  programme  provided  the  analytical  content  skilfully  embodies  the 
physical  action  taking  place.  We  will  demonstrate  that  this  is  so  for  the  simpler  methods  presented  here  and  w'e  use  NEC, 
Burke  (2).  as  a  comparative  of  a  large  versatile  computational  routine. 

In  tliis  paper  w  e  demonstrate  adaptable  algorithms  for  the  near,  intermediate  and  far  scattered  fields  of  a  thin  conducting 
cy  linder  which  is  generally  one  quarter  of  the  free  space  wavelength  or  longer  in  electrical  length.  The  technique 
described  arises  from  the  approximate  decomposition  of  the  scattered  fields  into  the  well  known  modal  solution  of  an 
infinite  length  cylinder  together  with  an  amplitude  scaling  function  which  comprises  of  the  current  and  charge 
distribution  on  a  finite  length  cyiinder  derived  in  a  novel  manner.  The  sequence  of  the  present  paper  commences  with  the 
formulation  of  tlie  Field  Decomposition  (FD)  technique  leading  to  the  scattering  algorithms.  In  its  simplest  form  the 
algorithm  is  applicable  to  configurations  of  connected  thin  conducting  cy  linders  immersed  in  a  lossy  medium  and  subjev-t 
to  oblique  multiple  frequenev  illumination.  Extension  of  the  algorithm  to  other  cylindrical  scatterers  with  dielectric 
boundary  conditions  is  possible  and  the  subject  of  ongoing  research. 

FIELD  DECOMPOSITION 

The  basis  of  the  FD  technique  arises  from  analysis  of  the  resonator  action  taking  place  in  the  fields  around  a  conducting 
cy  linder  generally  having  a  very  large  length  to  diameter  ratio.  Physically  we  can  identify  travelling  wave  fields 
characteristic  of  an  infinite  length  cylinder  and  these  fields  will  be  used  as  analytical  content  in  our  algorithms. 
Dielectric  waveguide  and  opto-electronic  guides  exhibit  similar  mechanisms  whereby  an  incident  wave  excites  a 
travelling  wave  wliich  is  reflected  from  the  terminations  depending  on  tlie  terminal  impedances,  and  this  leads  to 
simplifying  hybrid  computational  methods,  Cliiang  (3). 

Transverse  Fields 


The  travelling  wave  on  a  finite  length  conducting  circular  cylinder.  Balanis  (4).  of  radius  a«lo.  where  >.o  =  free  space 
wavelength,  will  have,  except  in  the  region  of  the  terminations,  the  near  field  structure  of  tlie  fields  of  a  cyiinder  of  the 
same  radius  but  of  infinite  length.  When  ka«l.  wiiere  k  is  the  propagation  constant,  the  Transverse  Magnetic  (TM) 
fields  are  dominated  by  the  first  term  of  the  modal  expansion  and  the  solution  to  the  transverse  wave  equation  is  axially 
symmetric,  leading  to  the  isotropic  scattered  fields  in  equation  (1). 
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E,  =  E„R(p.a)cosacos(t)  =  E,R(p.a)cosasm(f)  E,  =-E„sina  H,  =  H,R(p,a)sind) 

ln(kasina)  '  ’ 

(1) 

H^=H„R(p.a)cos6  R(p.a)  =  - - = 

kpsina(ln(kasina)]  y  p 

Where  Ex^  and  Hxy  are  the  Cartesian  field  components.  Hz  is  zero  for  the  TM  case,  p  and  p  are  ct  lindrical  coordinates  of 
the  scattered  field  and  the  plane  \va\  e  of  amplitude  Eo  is  incident  at  an  angle  a  to  the  cylinder  axis  as  shown  in  Fig,  1. 
The  permittivit}-  e  and  permeabilit>-  p  are  of  the  surrounding  medium  and  k'=o‘ps-^jopa. 

Curents 

We  assume  open  circuit  terminations  and  present  methods  of  obtaining  the  tra\  elling  wave  current  based  on  physical 
action.  The  fields  in  equation  (1)  are  normalised  and  scaled  along  the  cylinder  axis  in  proportion  to  the  travelling  wave 
current  and  charge  which  for  electrically  long  cylinders  have  many  ininima  created  by  the  terminal  reflections.  The 
incident  field  excitation  is  applied  at  N=s+i  equispaced  points  along  the  cylinder  axis,  w'here  s  is  the  number  of  segments 
bertveen  the  excitation  points.  Fig.  2,  to  produce  N  asymmetrical  dipole  current  distributions.  The  currents  generated  by 
the  N  dipoles  are  then  summed  to  produce  the  required  current  distribution  for  a  finite  length  cylinder.  We  now  describe 
two  algorithms  for  scattering  behaviour  that  can  be  derived  from  this  field  decomposition.  A  very  simple  yet  surprisingly 
effective  method,  algorithm  I.  is  based  on  heuristic  reasoning  while  algoriilun  II  is  a  precise  method  based  on  established 
antenna  theory. 

Algorithm  1.  A  simple  grapliical  process  can  be  employed  to  describe  the  steps  invohed  in  the  mathematical 
implementation  of  this  method  as  follow  s; 

•  Draw  a  cylinder  scaled  in  wa\'etengths. 

•  Discretise  the  cylinder  into  a  small  number  of  segments.  Fig.  2. 

•  Each  segment  end  will  be  used  as  a  source  location,  prox  iding  approximate  representation  of  the  current  on  the 
individual,  unbalanced,  dipoles.  To  construct  these  indixidual  dipole  currents  draw  sine  waves,  with  period 
starting  from  tlie  source  location  and  traxelling  outward  in  both  directions  to  the  cy  linder  ends.  Repeat  this  procedure 
for  each  of  the  individual  sources. 

•  Add  the  resulting  waveforms  and  take  the  absolute  value  of  the  result  to  proxide  an  approximate  graphical 
representation  of  the  current  density  distribution  on  the  cylinder  due  to  a  plane  wave  source. 

•  Nonnalisation  is  carried  out  by  subtracting  the  amplitude  of  the  first  point  from  the  entire  result  and  dividing  the  new 
curx'e  by  its  nexv  maximum.  Graphically  this  is  interpreted  as  shifting  the  curx  e  (ends)  down  to  the  x  axis  (y=0)  and 
making  the  peak  y  value  equal  to  1. 

Fig.  3  shows  tlie  graphical  implementation  of  algoritlim  I  for  a  cylinder  which  is  5m  in  length  and  discretised  into  8 
segments. 

Algorithm  IL  The  mathematical  derixation  of  the  trax  elling  wax  e  current  I(z)  is  again  based  upon  the  summation  of 
dipole  current  distributions,  now  taking  into  account  dissipatix  e  losses  and  radiation.  The  current  on  an  infinitely-long 
dipole  driven  at  z=0  is  simply  I^,}(z)=(E,y2Z^-,^)e’*'^  King  and  Smith  (5).  which  can  be  expressed  as  the  integral  equation 


2jk  r  e'" 

n  Uk=-;=)K(:)  ’ 

(2) 

where  K(;)  -  and  Jn  and  Ho‘'’  are  Bessel  fimetions  with  arguments  {afk'-:-)'  -}.  Cr,  is  the  contour  of  integration 

and  r|ri  is  the  intrinsic  impedance  of  free  space.  A  good  approximation  of  the  current,  except  quite  close  to  the  generator 
where  the  imaginary  part  is  somewhat  in  error,  is  gix  en  in  equation  (3). 
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1- 


27g 


2C.,  +lnfkz  +  ^{kz)'  +e‘'’] +y  +  j^Tt 


Tlie  current  on  a  finite  antenna  may  be  expressed  as  the  superposition  of  the  current  I^Kz)  and  currents  reflected  from  the 
cy  linder  ends  which  are  proportional  to  I„Kh,+z)  and  I,,i<h;-z).  respectively,  where  the  ends  of  the  antenna  are  at_z=-h, 
and  z=h2.  The  current  on  a  symmetrical  dipole  antenna  with  its  driving  point  at  z=0  is  given  by  King  and  Smith  (s)  and 
modified  for  the  asy'mmetrical  dipole  with  its  driving  point  still  at  z=0.  by  Shen  and  King  (6)  resulting  in  equation  (4) 
below. 


1(2)  =  I^(z)  +  C,I„(ll  +  z)  +  C.l.,(lu  -  z)  (4) 

Where  the  amplitude  coefficients  Cj  and  C.  sausfying  the  boundarv  condition  of  zero  current  at  the  o'linder  ends,  are 
shown  to  be; 


C.  =  -R^ 


Ufc,)-M.e(h-.)l.r(h,  +  lh) 

I-R>[l„(h,  +  h,)f 


c.,  =  -w 


Uh,)-RI^(h,)Uh.  +  h,) 
l-R^[l^(h,+h,)f 


(5) 


Where  R  =  — [2C,  +  jn] .  C:^=ln(l/ka)-7.  and  y=0.577. 

In  our  solution  we  show'  that  the  current  on  a  parasitic  element,  or  finite  length  cy'linder.  consists  of  a  summation  of 
elementary'  asv'mmetrical  dipole  current  distributions  of  the  form  of  equation  (4)  but  w'ith  shifted  driving  points  The 
cylinder  is  discretised  into  segments  as  shown  in  Fig.  2  and  a  'source  placed  at  the  end  of  each  segment.  Each  individual 
source  represents  the  voltage  induced  at  that  point  by  the  illuminating  wave  and  produces  a  single  dipole  current 
distribution.  These  voltage  sources  could  be,  for  example.  iV  at  Im  intervals  for  a  normally  incident  plane  wave  of  l\7m 
amplitude,  however,  allowance  must  be  made  for  the  varv’ing  amplitude  and  phase  relationship  between  these  sources  for 
a  plane  wave  tliat  has  oblique  incidence.  These  individual  distributions  are  summed  to  represent  the  total  current 
distribution  on  tlie  finite  length  cy'linder  due  to  the  incident  illumination.  Although  the  solution  is  not  limited  to  plane 
wave  illumination,  as  discussed  later,  it  is  the  given  scenario  in  equation  (6)  with  appropriate  phase  and  amplitude 
variation  included  witliin  the  summation  for  oblique  plane  wave  incidence. 


l(z)  =  !Z  Jmf(lzl)  +  CA.{h-{n-l)-  +  zjj  +  C,.I„,y(n-l)--^J|e  | 


where  h  is  the  total  cylinder  length  and  the  coefficients  become; 


Q=-R 

i. 

(6) 


(7) 


When  the  cylinder  is  surrounded  bv  a  lossy  medium  rio  is  replaced  by. 

1 


.  The  travelling  wave  charge  is  related  to 


the  current  through  the  continuity  equation. 
The  algorithm  consists  of  a  few  modular  steps; 


•  The  current  on  an  infinite  cylinder  with  one  source  located  at  z=0.  equation  (3).  is  computed,  providing  the  current 
emanating  from  the  tlu-ee  sources  associated  with  each  individual  dipole  in  the  summation.  tJie  source  itself  and  the 
points  of  reflection  at  either  end  of  the  cylinder. 

•  The  dipole  current  is  then  calculated  for  each  source  location  individually,  equation  (6). 

•  The  resultant  current  distributions  are  then  summed  to  provide  the  total  current  distribution  on  the  finite  length 
cvlinder. 

•  The  charge  distribution  is  then  computed  by  application  of  the  continuitv'  equation  to  the  current  distribution. 
Scattered  Field  Components 

The  field  decomposition  method  provides  the  scattered  field  components  around  tlie  finite  cvlinder.  witliin  its  axial 
bounds,  using  a  combination  of  the  transverse  fields  of  equation  (1)  scaled  by  axial  fields  given  by  algorithm  I  or 
algorithm  11,  equation  (6).  For  the  precise  solution  required  of  algorithm  II  the  current  and  charge  must  be  respectively 
scaled  using  equation  (8)  to  provide  tlie  scattered  E^.  Ey,  Ej,  and  Hy  fields. 

PW  M.  (8) 

27r£r  27rr 


Wliere  p  is  the  charge  densitv'  and  r  tlie  distance  of  the  measurement  plane  from  the  cv'linder  axis.  It  is  seen  from 
equation  (1)  that  if  tlie  incident  wave  is  normal  to  the  cylinder  axis.  a=7t/2.  the  transverse  electric  field  components  E^, 
and  Ey  are  zero  for  an  infinite  cy  linder.  These  components  are  non  zero  for  a  finite  length  cylinder.  A  simple  solution  of 
the  electric  fields  that  exist  for  axial  distances  off  of  the  cylinder  ends,  due  to  a  finite  value  of  charge  at  the  cylinder  ends, 
is  possible.  These  additional  fields  are  defined  in  equation  (9).  It  is  seen  that  the  x  and  y  components  of  the  electric  field 
decay  wltli  increasing  distance  from  the  cylinder  ends  and  the  z  component  rises  to  a  peak  some  distance  from  tlie 
cylinder  end  before  decaying  with  further  distance. 


Eoc, 


E,P„„ cosy 
2toS 


Eoe, 


E>P».cosy 

27ie5 


^  (E,  +  E.  )p=,.  sinp 

Eoe  - 

2ti:s5 


f9) 


Eoe  is  the  scattered  field  from  the  cvlinder  ends,  y  and  5  are  the  angle  and  distance  from  the  cvlinder  end  as  defined  in 

Fig.  1. 

The  sequence  of  steps  to  obtain  the  scattered  fields  is  as  followed: 

•  The  transverse  scattered  field  components  for  an  infinite  length  cylinder,  equation  (1).  are  computed  and  normalised. 

•  These  transverse  fields  are  then  made  to  follow  the  scaled  current  and  charge  distributions,  equation  (8).  along  the 
cvlinder  axis,  resulting  in  tlie  three  dimensional  scattered  fields  of  the  finite  length  cylinder  wiUiin  the  axial  bounds 
of  the  cy  linder  length. 

•  The  electric  fields  off  of  the  cylinder  ends,  equation  (9).  are  then  added  based  upon  the  normalised  transverse  fields 
components  and  the  tenninal  values  of  charge. 

Multiple  connected  cy  linders,  used  to  represent  bends  along  tlie  cvlinder  length,  are  analysed  by  varying  the  source 
amplitude  and  phase  appropriately  for  each  connected  element.  Multiple  frequency  illumination  is  analysed  by 
superposition  of  currents,  either  several  discrete  frequencies  can  be  modelled  or  a  broadband  pulse.  Illumination  other 
than  plane  wave  can  be  modelled  simply  by  substitution  of  the  sources,  at  each  segment  end.  wiih  those  due  to  a  radiation 
lobe  or  other  illuminaiion  at  the  same  points.  Far  field  radiation  is  obtained  by  integration  of  the  cylinder  current  along 
its  length. 

APPLICATION  AND  RESULTS 


Algorithm  I 

This  algorithm  can  be  employed  to  provide  a  very  simple  approximation  to  the  current  distribution  which  can  then  either 
be  used  to  provide  physical  interpretation  or  as  part  of  tlie  decomposition  process  in  place  of  algorithm  II  when  high 
accuracy  is  of  less  importance  than  computational  resources.  Although  it  can  be  implemented  simply  with  pen  and  paper. 
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a  simple  mathematical  interpretation  executed  on  MaUab  is  used  here.  Fig.  4  shows  results  obtmned  usmg  ^g»™l>-n  I  to 
obtain  the  current  distribution  for  a  finite  length  cylinder  employing  8  segments,  compared  to  those  produced  by  tlie  NEC 
program  employing  30  segments  for  cylinder  lengths  from  /J4  to  2X  in  steps  of  a/4.  Tins  simple  implementatron  of 
^gorithm  I  for  so  few  segments  is  seen  to  agree  surprisingly  well  with  the  NEC  solution.  Note  that  this  technique  is  only 
effective  for  wire  lengths  "fJl  or  greater  and  hence  no  comparison  with  NEC  is  present  in  the  first  view. 


Algorithm  II 

For  ease  of  implementation,  modification  and  graphical  output,  Matlab  has  so  far  been  used  to  implement  ^gorito 

Figs  5  and  6  show  the  E,  component  of  scattered  field  on  a  plane  0.1m  above  the  c>-iinder  axis  using  algorithm  11  and 

NEC  respectively,  for  a  cvlinder  of  radius  0.002m  and  5^4  in  lengtli.  where  is  300m.  The  suiroimding  medium  is 

free  space  and  the  cvlinder  is  subjected  to  oblique  plane  wave  illumination  w  here  a=30  and  amplitude  1  V/m.  Figs,  and 

8  show  the  E,  component  of  scattered  field  for  the  same  scenario  as  Figs,  o  and  6  but  with  the  surrounded 

having  tlie  properties  u=Po-  ey=3  and  a=0.0001S/m.  Figs.  9  and  10  show  the  scattered  H,  component  of  scattered  field  on 

a  plane  10m  above  the  cvlinder  axis  produced  by  algorithm  II  and  NEC  respectively  for  a  cy-linder  bent  at  a  nght  angle  m 

its  middle,  where  the  middle  is  located  at  the  origin  and  each  of  tlie  two  anns  make  an  angle  of  45  wi^  the  z  jhe 

surrounding  medium  is  free  space  and  the  plane  wave  is  normally  incident  to  the  z  axis.  Figs. 

cylinder  as  the  last  pair  of  figures  but  for  a  loss>’  surrounding  medium  as  in  Figs.  7  and  8.  In  Figs  o-12 

the  cylinder  axis  and  centre  are  scaled  in  w-avelengths.  In  all  cases  the  comparison  between  the  scattered  fields  produced 

by  algorithm  II  and  NEC  is  extremely  good. 

CONCLUSIONS 

Adaptable  algontlims  have  been  demonstrated  tliat  accurately  predict  the  scattering  from  thin  connected  cond^ting 
cylinders  in  a  loss^•  medium  with  the  advantage  that  they  employ  excitation  at  rite  ohnder  ends  compared  to  l^C  s 
centre  segment  excitation  resulting  in  a  more  accurate  boundary^  value  solution  of  zero  current  at  the  cylinder  ^ds^  Th  s 
algonthms  are  suitable  for  use  as  either  stand  alone  tools  or  hybrid  components  that  will  enhance  the  efficiency  of 
existing  numerical  methods.  The  current  distribution  can  be  found  in  one  of  two  ways,  depending  on  the  accuracy 
required  with  algonthm  1  producing  an  excellent  insight  into  the  phy  sical  properties  of  tlie  scattenng  mechanisms 
associated  with  a  finite  length  CA  linder  and  algorithm  II  producing  an  exact  fonnulat.on  of  the  scattered  fields. 
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Figure  3:  Graphical  implemeniation  of  the  normalised  Figure  4;  Normalised  Current  distributions  using  8 
current  distributions  of  algorithm  1,  for  8  segment  segment  implementation  of  algorithm  I  compared  to  30 
c>linder  5a/4  in  length.  segment  implementation  using  NEC  {smooth  curves). 
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Figure  5;  E^.  algorithm  II.  Cylinder  radius=0.002m.  5/J4  Figure  6:  E,  component  of  scattered  field  as  Fig.  5  but 

in  lengtli.  x=300m.  free  space,  oblique  plane  wa\e  using  NEC. 

illumination  of  IV/m  amplitude.  a=30“.  5m  off  of  either 
end  shown.  Measurement  plane  0.  Im  above  c>-linder  a>as. 
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Figure  7:  E.,  component  of  scattered  field  using  algorithm  Figure  8:  Ev  component  of  scattered  field  as  Fig.  /  b 

Il.^as  Fig.  5  but  with  surrounding  medium  properties  using  NEC. 

Li=U(j.  £-=3  and  (7=0.0001  s/m. 


Figure  9:  Hy.  algorithm  II.  Cylinder  is  as  Fig.  5  but  bent  at  Figure  10:  H,  component  of  scattered  field  as  Fig.  9  but 

a  right  angle  in  its  middle  at  the  origin,  each  arm  45°  to  using  NEC. 

the  2  axis.  Normal  plane  wave  illumination  of  IV/m 
amplitude.  Measurement  plane  10m  above  cy  linder  a.\is. 


Figure  11:  H,  component  of  scattered  field  using  Figure  12:  Hy  component  of  scattered  field  as  Fig.  12  but 

algorithm  II.  as  Fig.  9  but  in  a  surrounding  medium  with  using  NEC. 

properties  p=,U(,.  e,=.'5  and  c7=0.0001S/m. 


NUMERICALLY  EXACT  ALGORITHM 
FOR  THE  H  AND  E-WAVE  SCATTERING  FROM 
A  RESISTIVE  FLAT-STRIP  PERIODIC  GRATING 

T.  L.  Zinenko,  A.  I.  Nosich’,  Y.  Okuno,  A.  Matsushima 

Kumamoto  University,  Kumamoto  860,  Japan 
•Institute  of  Radiophysics  and  Electronics, 

National  Academy  of  Sciences,  Kharkov  310085,  Ukraine 


1,  Introduction  , 

A  fiat-strip  zerothickness  periodic  grating  is  one  of  the  canonical  scattermg  geometries.  In  a 
great  number  of  papers  such  a  scatterer  has  been  analyzed  under  the  assumption  of  the  perfect 
electric  conductivity  (PEC)  [1-4].  The  most  accurate  results  are  obtained  by  methods  ba^  on 
the  analytical  invemion  (i.e.,  regularization)  of  the  static  part  of  the  full-wave  equations  Among 
important  applications  of  this  analysis  is  a  modeling  of  printed-circmt  structures.  A  solution  to 
a  fiat-strip  grating  may  also  be  considered  as  a  reference  for  validatmg  more  general-puipose  nu¬ 
merical  codes.  However,  assuming  a  perfect  conductivity  prevents  studying  lossy  or  absorbmg 
materials.  The  scattering  of  waves  from  imperfect  scatterers  is  of  considerable  interest  for  many 
practical  applications  of  microwaves.  One  of  the  important  cases  is  the  thin  partially  transparent 
dielectric  or  metal  strip  grating.  It  is  known  that  the  latter  can  be  simulated  by  r^isttve  boundary* 
conditions  [5-7].  Thus  the  scattering  of  E  and  H-polarized  plane  wave  from  a  resistiv^stnp  grating 
is  the  key  problem  in  this  area,  addressed  by  several  papers  published  recently  [8-10].  However, 
a  closer  view  reveals  that  in  the  case  of  H-polarization,  results  are  obtained  by  computing  a  ma¬ 
trix  which  is  not  convergent  to  the  exact  solution  when  increasing  the  number  of  equations.  In 
the  E-polaiization  case,  they  deal  with  algorithms  that  lose  accuracy  for  narrow  strips  and  slots. 
Thus,  our  goal  is  to  develop  an  algorithm  based  on  reducing  the  problem  to  a  Fredholm  2-nd  kmd 
(regularized)  matrix,  solvable  equally  efiiciently  for  arbitrary  strip  widths. 

2.  Formulation  _ 

We  consider  the  scattering  of  a  normally  incident  H-  or  E-polarized  plane  wave  U  [y,z)  - 
e""'*,  where  U  stands  for  the  Hx  or  Ex  component  depending  on  the  polarization,  from  a  grating 
made  of  resistive  strips,  of  the  width  w  each.  The  period  of  the  grating  is  I  (see  Fig.  1),  hence  the 
slot  width  is  d=  l  —  w. 

The  total  field  [/  =  -f  has  to  solve  the  2-D  Helmholtz  equation 

{V^  +  k^)U{f)^0,  k  =  uj{eofioY^\  (1) 

with  a  number  of  conditions  known  to  guarantee  uniqueness  of  the  solution. 

Resistive- type  boundary  conditions  [6]  couple  the  tangential  field  components 

l/2[^(f)  +  E^{f)]  =  Rfix  \H}{r)  -  (f)],  E}{f)  =  E^{r)  (2) 
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Figure  1:  Geometry  of  the  problem. 


for  ail  {y,z)  e  M  :  {z  =  0,  \y  - 1/2  -  ml\  <  w/2,m  =  Here,  n  =  zq,  R  is  the 

resistivity  simulating  a  thin  dielectric  layer  of  high  permittivity,  or  a  thinner- than-skin-depth  layer 
of  imperfect  metal.  The  respective  formulas  are  Rdiei  =  iZo[kk{e/€Q  -  1)]“^  and  Rmetai  —  (ho-)~\ 
where  h  is  the  layer  thickness,  Zq  is  the  free-space  impedance,  and  a  is  the  conductivity.  Strictly 
speaking,  (2)  does  not  hold  near  the  sharp  edges,  where  a  special  condition  is  to  be  held  locally: 
the  limited  energy  rantained  in  any  finite  domain  D  enclosing  the  edge: 

j^(eo|£p  +  fJiQ\H\^)dydz  <  oo,  Dc  {y,  z)  (3) 

The  radiation  condition  specifies  the  field  behavior  at  infinity,  and  thus  is  closely  tied  to  the 
arrangement  of  the  host  medium  at  infinity.  In  our  case  of  a  periodic  grating  placed  in  a  lossless 
fi-ee  space,  it  can  be  shown  that,  when  the  incident  field  17*”  is  a  normally  coming  plane  wave,  the 
adequate  radiation  condition  is  given  by 

^)=  f:  {a,,  z  -  ±oo  (4) 

tJ=-00 

k  is  the  wavenumber,  On  and  bn  are  the  numbers  depending  on  the  frequency  and  other  parameters 
of  the  grating,  and  g„  =  [k^  —  (27rn/I)^]^'^^,  with  the  sign  of  the  square  root  chosen  such  as  either 
Rega  >  0,  or  Imgn  >  0. 

3,  H-polarization 


In  the  case  of  H-polarization  Et  =  with  Ey  =  —{Zo/ik)dHx/dz,  because  the  totality  of 
M  is  a  periodic  set  of  the  infinite  number  of  strips  along  the  y-axis,  and  the  incident  field  H*^{y,  z) 
does  not  depend  on  y,  the  scattered  field  H“^{y,z)  is  also  a  periodic  function  of  y  with  the  same 
period  1.  Hence,  it  can  be  expanded  in  terms  of  the  Fourier- Floquet^  Rayleigh  series  like  (4).  The 
numbers  On  and  6„  are  coupled  by  the  equation  E^  =  E~,  which  is  valid  at  z  =  0  and  all  y. 
This  enables  one  to  find  that  all  =  — a„,  and  later  eliminate  one  set,  say  of  6^,  from  further 
consideration. 
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To  determine  the  coefficients  On,  let  us  use  the  dual  set  of  the  boundary  conditions  which  hold 
on  the  complementary  sub-intervals  of  the  y-axis,  namely 

1/2[b;  +  E;)^  R{Ht  -  H;),  {y,  z)eM  (5) 

H:{y,z)  =  H;{y,z),  {y,z)eS  (6) 

By  introducing  the  notations  0  =  Stt;///,  0  —  izd/l,  and  k  =  Tn  =  |n|  4-2(k^  —  and 

substituting  the  series  expansions  (4),  we  arrive. at  the  dual  series  equations  (DSE) 


^  a„|n|e^  =  -in  -I-  ^  a„(r„  -I-  likR(Z^E^ ,  O  <\4>\<Tr 

re=— oo  n=— oo 

f;  a„e^  =  0,  1,^1  <« 


(7) 


The  latter  equations  are  of  canonical  form,  the  left  hand  side  of  which  forms  the  Riemann- 
Hilbert  Problem  (RHP)  [11,12,2].  An  exact  analytical  solution  to  RHP,  as  it  is  given  in  [12],  yields 
an  infinite- matrix  equation  eqivalent  to  the  DSE  (7): 


Om  ==  X)  +  Hm,  772  =  0,  ±1,  ±2,  ...  (8) 

n— — 00 

where 

Ann  -  (7*«  +  2ikR/Zo)Trrm{0),  =  -inT^iO)  (9) 

where  the  functions  Tmn{0)  are  given  in  [12],  Based  on  the  large-index  asymptotics  of  the  Legendre 
pol)momials,  it  can  be  shown  that  Tmn  =  0([|772n!^''^l77i  -  n  -f  1|]“^)  uniformly  for  all  0.  This  is 
enough  to  prove  that  the  operator  norm  ||A|I  =  <  oo,  and,  hence,  the  matrix 

equation  (8)  is  a  regvlarized  equation,  i.e.,  of  the  Fredholm  2-nd  kind.  It  can  be  shown  also  (see 
[12])  that  the  solution  of  (8)  satisfies  the  condition  (3),  because  the  edge  behavior  is  explicitly 
taken  into  account  when  inverting  the  RHP  [11,12,2]. 

The  obtained  equation  set  can  be  solved  numerically  to  find  the  coefficients  On  whatever  are  the 
parameters  k  and  d/l.  The  number  of  equations  (i.e.,  the  truncation  number),  needed  for  arbitrary 
d/l  and  a  3-digit  accuracy,  is  foimd  from  numerical  experiments  such  as  Ntr  =  /c(l  -f  |R/Zo|^^^) +5. 
However,  the  potential  accuracy  is  limited  only  by  the  digital  precision  of  the  computer  used. 
Comparing  this  matrix  with  those  from  [8,9,10],  one  may  see  that  the  latter  have  elements  which 
do  not  decay  with  larger  m,  tz,  and  hence  cannot  result  in  a  convergent  solution.  In  Fig.  2,  we 
present  the  dependence  of  the  solution  relative  error  versus  Ntr.  The  plots  in  Fig.  3  demonstrate 
the  behavior  of  the  transmitted,  reflected  and  absorbed  power  fractions  as  a  function  of  the 
normalized  period  of  grating. 

The  coefficients  and  bn  are  coupled  by  the  energy  conservation  law 


E  +  !*'»  + =  (10) 

|n|<»c 

where  S^nn  is  the  Kronecker  S3mboi,  Paha  is  the  power  absorbed  by  the  grating  (zero  in  the  lossless 
case  of  ReR  =  0).  This  relation  served  as  a  partial  validation  test  and  always  displayed  the  digital 
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precision  level. 


4,  E-polarization 

Considering  the  case  of  E-polaiized  plane  wave  scattering,  we  obtain  DSE  as  follows 


^  anp„e^  = 


w=— oo 


2(R/Zo)  S  ,  0  <\(f>\  <7r 

0, 


(11) 


This  equation  can  be  patially  inverted  analytically  by  using  the  inverse  Fourier  transform  and 
the  orthogonality  of  the  exponents.  The  result  is  an  infinite-matrix  equation 


flm  —  Z 


where 


(12) 

mjtn;  5„„(9)  =  1  -  - 

TT 

(13) 

This  matrix  again  is  a  regularized  one  and  is  somewhat  similar  to  those  in  [8,9].  However,  as  we 
have  used  a  set  of  entire-period  exponents  as  expansion  functions,  the  efficiency  does  not  depend 
on  d/l  value.  The  number  of  equations  needed  for  a  3-digit  accuracy  is  estimated  similarly  to 
the  H-case,  with  R/Zq  replaced  by  its  inverse  value.  Fig.  4  shows  the  dependence  of  the  solution 
error  on  the  matrix  order  Ntr-  Fig.  5  demonstrates  the  values  of  the  transmitted,  reflected  and 
absorbed  power  fractions  as  a  function  of  the  normalized  period  of  the  grating. 


Fin.2.  //A  =5.5.  «/2„  =  0.l/.  <///  =  0.5. 
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NUMERICAL  CONVERGENCE  AND  RICHARDSON  EXTRAPOLATION 
Richard  C.  Booton,  Jr. 

2983  Foothills  Ranch  Rd. 

Boulder,  CO  80302 


INTRODUCTION 

This  paper  addresses  two  principal  questions: 

1.  How  can  be  the  accuracy  of  a  numerical  computation  be  determined? 

2.  How  can  extrapolation  be  used  to  speed  the  computation? 

CONVERGENCE  AND  ACCURACY 

Many,  if  not  all,  numerical  methods  for  electromagnetics  contain  a  parameter  that  governs  the 
fineness  of  the  mathematical  model.  For  example,  with  fimte-difference  and  finite-element  methods, 
some  measure  of  cell  size  serves  as  this  parameter.  For  moment-method  solutions,  model  fineness  is 
determined  by  the  number  of  basis  fimctions.  If  the  problem  is  well-posed,  improving  model  fineness 
improves  the  accuracy  of  the  solution.  A  sensible  approach  to  examining  accuracy  is  to  form  a 
sequence  of  solutions,  improving  fineness  by  a  factor  of  two  for  each  solution  and  observing  the 
improving  accuracy. 

A  sequence  of  such  calculations  is  being  performed  with  results  Cj,  Cj,  Cj,*”,  Qr.  After  N  steps, 
has  the  sequence  converged  “enough”  or  should  the  calculations  continue?  Such  sequences  never 
converge  exactly  but  approach  a  limit  to  some  degree  of  accuracy!  Two  approaches  can  be  followed: 

1.  Round  the  C„to  some  desired  accuracy  and  continue  until  two  successive  results  agree: 
rounded  =  rounded  (Cv.i). 

2.  Calculate  the  changes  and  continue  until  |  |  <  to/eruwce ,  where,  as  will  be 

seen,  the  tolerance  is  ^proximately  equal  to  the  desired  accuracy.  For  example,  a  tolerance  of  0.05 
usually  corresponds  to  an  accuracy  of  0.05,  which  in  term  means  that  the  first  digit  after  the  decimal 
point  is  correct. 

These  topics  are  illustrated  first  by  consideration  of  a  simple  problem  for  which  an  analytical  solution 
is  available,  namely  the  computation  of  the  capacitance  per  unit  length  of  a  coaxial-type  cable  with 
square  inner  and  outer  conductors,  with  si^s  of  A  and  2  A,  respectively,  as  shown  in  Fig.  1 .  For 
comparison  with  numerical  results,  the  capacitance  per  unit  len^h  is  90.61455  pF/m,  to  five  digits 
after  the  decimal  point.. The  finite-element  method  is  used  with  isosceles  right  triangular  elements, 
which  corresponds  roughly  to  the  finite-difference  method.  The  largest  value  of  h  is  Aj  =.4/2  and 
successive  values  of  h  are  taken  as  Aj/Nwhere  A^=l,2,4,*"=2*~^  .Thus  far  we  have  concentrated  on 
the  convergence  with  respect  to  decrease  of  h  (or  equivalently  with  respect  to  increase  of  N).Two 
convergence  problems  are  involved  here.  Not  only  are  we  concerned  with  convergence  as  h  is 
decreased,  but  also  the  capacitance  for  each  h  is  the  result  of  a  sequence  of  iterations.  For  each  value 
of  cell  size  ,  the  potential  values  must  be  iterated  until  desired  accuracy  for  that  value  of  is 
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Figure  1 .  Square  coaxial  cable 


achieved..  Then  the  cell  size  must  be  decreased  until  desired  accuracy  is  achieved.  The  tolerance  for 
the  iteration  process  (the  inner  process)  should  be  smaller  than  the  limit  for  the  h  convergence  (the 
outer  process)  in  order  that  the  iterations  have  adequately  converged  for  each  value  of  h.  Experience 
shows  that  a  tolerance  for  the  iterations  of  two-fifths  the  tolerance  for  the  convergence  with  respect 
to  h  gives  satisfactory  results.  For  an  outer  tolerance  of  0.05  and  an  inner  tolerance  of  0.02,  Table 
1  shows  as  a  function  of  N  the  sequence  of  resulting  values  of  capacitance  (where  these  and  other 
values  of  capacitance  are  in  the  units  of  pF/m),  together  with  the  error  which  makes  use  of  use  of  the 
result  90.6146  derived  from  an  analytical  solution.  A  fourth  column  shows  the  difference  A  of 
successive  values.  Comparison  of  the  third  and  fourth  columns  shows  that  the  error  and  A  are 
approximately  equal  and  the  error  is  less  than  A.  Note  that  at  N=128  A  is  0.0284,  which  satisfies 
the  tolerance  inequality.  Greater  accuracy  can  be  achieved,  but  because  the  convergence  with  respect 
to  decreasing  h  is  very  slow,  achieving  a  tolerance  of  0.005,  which  for  this  example  means  an 
accuracy  of  less  than  0.005)  requires  a  run  time  of  approximately  1.35  days. 

The  relation  between  wror  and  change  A  depends  upon  the  manner  in  which  the  error  varies  with  h. 
If  the  error  is  proportional  to  h,  then  the  error  is  easily  shown  to  be  equal  to  A.  If  the  error  variation 
is  stronger,  then  the  error  is  less  than  A.  Experience  suggests  that  the  latter  is  usually  the  case. 
Examination  of  the  results  in  Table  1  show  that  the  magnitude  of  error  is  approximately  proportional 
to  which  is  consistent  with  the  numerical  relation  between  the  error  and  A  ,  namely  that  the 
error  is  less  than  the  change  A  . 
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Table  1.  Values  of  capacitance  for  triangular  elements  with  tolerances  of  0.05 


N=A/2h 

cap 

error 

run  time/s 

1 

106.2503 

-15.6357 

N/A 

0 

2 

96.0188 

-5  .'4042 

-10.2315 

0 

4 

92.6346 

-2.0201 

-3.3841 

0 

8 

91.3924 

-0.7779 

-1.2422 

0 

16 

90.9181 

-0.3035 

-0.4743 

0 

32 

90.7339 

-0.1193 

-0.1842 

1 

64 

90.6617 

-0.0471 

-0.0722 

13 

128 

90.6332 

-0.0186 

-0.0284 

210 

Total  run  time  =  224  sec  =  3.73  min 


RICHARDSON  EXTRAPOLATION 

Although  satisfectory  results  can  be  obtained  from  such  sequences  of  calculations,  the  computational 
time  required  for  such  a  simple  problem  is  excessive.  Such  considerations  led  Lewis  Richardson  to 
introduce  the  concept  of  extrapolation  in  papers  published  in  1910  and  1927. This  concept  is  very 
broad  and  as  used  here  the  basic  approach  of  Richardson  extrapolation  is  to  pass  a  polynomial 
through  the  calculated  values  and  take  as  the  extrapolated  value  the  value  of  the  polynomial  for  h 
equal  to  zero.  The  concept  first  is  illustrated  graphically  as  an  extension  of  a  plot  of  the  first  few 
values.  An  algebraic  way  of  implementing  this  process  is  to  pass  a  polynomial  in  powers  of  h  through 
the  points  and  use  the  constant  term  (the  polynomial  value  when  h  is  zero)  as  the  extrapolated  value. 
An  efl5cient  method  that  can  be  employed  with  a  larger  number  of  computed  values  is  presented  in 
such  a  way  that  it  can  be  easily  incorporated  in  a  computer  program.  The  numerical  results  of 
computations  using  the  extrapolation  yield  the  results  obtained  without  the  extrapolation  much  more 
quickly  and  also  can  give  more  accurate  results.  The  analytical  solution  verifies  the  results  obtained 
for  this  problem.  Additional  examples  will  be  presented  to  demonstrate  this  approach  for  finite- 
element  and  moment-methods  solutions  of  a  microstrip  problem,  moment-method  solutions  for 
antenna  input  impedance  and  finite-difference-time-domain  method  to  determine  a  cavity  resonant 
frequency. 

For  example,  with  two  values  of  h,  namely,  and  the  coefficient  of  the  polynomial 

C{h)  =  +  Cj/i  is  determined  by  solution  of  the  equations 


497 


a,  +  a, (2  *j)  =  C(2Aj) 
“o  <^2  *2  '  <^(*2) 


Elimination  of  the  first-degree  term  yields 

a,  =  2  C(h^)  -  C(2h^) 

,With  three  values  of  h,  the  polynomial 

C(h)  =  Oq  +  a^h 


can  be  used  to  derive 

“0  =  I  C(h,)  -  I  0(2*3)  "  \c(4h,) 

The  coefficients  in  these  and  similar  expressions  multiply  any  errors  in  the  calculated  values,  which 
may  cause  an  error  in  the  result.  The  calculated  values  in  the  inner  process  should  be  determined  to 
a  slightly  higher  accuracy  to  avoid  this  problem.  For  example,  when  the  tolerance  in  the  convergence 
with  respect  to  h  is  set  at  0.05,  a  reasonable  tolerance  for  determination  of  each  value  of  capacitance 
is  0.01. 

If  N  values  of  h  have  been  used,  a  polynomial  of  degree  N  -  1  can  be  determined  to  agree  with  the 
values  of  C(\)for  k^l,  2,  3,—  N.  In  terms  of  the  N  calculated  values,  the  appropriate  polynomial 
satisfies  the  N  equations 

cw  =  EaA” 

»=0 


and  an  efficient  way  to  solve  for  a^is  to  successively  eliminate  the  terms  a^h  *  for  k>^ .  To  eliminate 
the  first  degree  term,  form  the  N-1  first-order  extrapolations 

E,{h,)  =  2  C{h,)  ~  C{h,^,) 

Then  the  N-2  second  order  extrapolations  can  be  formed  as 
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UK)  = 


4  £,(A^-£,(V>) 


3 


Contbuing  m  this  way,  the  general  expression  is 


UK)  ‘ 


2"  EaK)-U^(K-^) 

2"-l 


After  N  such  steps,  we  reach  the  extrapolation 

because  all  the  higher-degree  terms  have  been  eliminated  and  the  multiplier  of  remains  as  unity 
after  each  step.  These  equations  easily  can  be  inserted  into  a  computer  program. 

Table  2  illustrates  the  results  obtained  with  the  use  of  Richardson  extrapolation  for  a  tolerance  of 
0.005  and  Table  3  compares  the  total  run  times  with  and  without  extrapolation  for  tolerances  of  0.05 
and  0.005.  The  improvements  given  by  extrapolation  are  clear. 


Table  2.  Extrapolated  values  of  capacitance  for  triangular  elements  with  tolerances  of  0.005. 


N=A/2h 

capacity 

extrapolation 

run  time/s 

1 

106.2503 

106.2503 

0 

2 

96.0188 

85.7872 

0 

4 

92.6346 

90.4049 

0 

8 

91.3924 

90.4566 

0 

16 

90.9181 

90.5612 

0 

32 

90.7338 

90.5945 

2 

64 

90.6616 

90.6068 

27 

128 

90.6332 

90.6115 

420 

total  run  time  =  448  sec  =  7.47  min 
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Table  3.  Summary  of  finite-element  results  for  triangular  elements 


Tolerance 

Rounded 

result 

Run  time  without 
extrapolation 

Run  time  with 
extrapolation 

0.05 

90.6 

3.73  min 

1  sec 

0.005 

90.61 

1.35  days 

7.47  min 

Consider  now  the  quasi-TEM  solution  for  the  shielded  microstrip  shown  in  Fig.  1 .  If  the  moment 
method  is  used,  cal^ated  values  of  capacitance  should  converge  as  the  number  of  basis  functions 
N  is  increased.  To  used  the  extr^lation  process  derived  earlier,  the  polynomials  are  written  in  terms 
of  the  variable  I/N.  This  variable  goes  to  zero  as  the  number  N  becomes  infinite.  As  in  the  finite- 
element  case,  there  is  a  second  convergence  process,  which  in  this  case  is  the  convergence  of  the 
Fourier  series  which  defines  the  Green’s  function: 

G(x,x')  =  ^  cos[  j 

Numerical  resuhs  are  shown  in  Table  4.  The  shielded  microstrip  can  also  be  analyzed  with  the  finite- 
element  method,  and  results  fi'om  the  two  methods  are  compared  in  Table  5. 


_ 
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Figure  2.  Shielded  microstrip  example. 
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Table  4,  Moment-method  solution  of  shielded  microstrip 
with  pulse  functions  and  point  matching  (tolerance  =  0.005) 


N 

capacity 

extrapolation 

run  time/s 

1 

255.84 

255.84 

0 

2 

262.84 

269.85 

1 

4 

266.59 

270.51 

7 

8 

268.54 

270.52 

27 

16 

269.52 

270.52 

218 

total  run  time  =  253  s 


Table  5.  Summary  of  results  for  microstrip 


Tolerance 

Rounded 

result 

Runtime 
for  triangular 
elements 

Run  time 
for  moment 
method 

0.05 

270.5 

11  sec 

16  sec 

0.005 

270.52 

11  sec 

4.22  min 

0.0005 

270.521 

1.52  hr 

9.37  min 

0.00005 

270.5212 

1.02  day 

34.52  min 

CONCLUSIONS 

We  have  demonstrated  two  principal  points;  (1)  Accuracy  can  best  be  determined  by  performing  not 
one  solution  but  rather  a  sequence  of  computations  with  increasing  fineness  of  the  mathematical 
model,  and  (2)  Richardson  extrapolation  greatly  decreases  the  time  required  to  achieve  a  fixed  level 
of  accuracy. 
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POWERFUL  RECURSIVE  ALGORITHM  FOR  THE  EXHAUSTIVE  RESOLUTION 
OF  A  NONLINEAR  EIGENVALUE  PROBLEM 
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*SUPAERO,  Laboratoire  Electronique,  10  avenue  Ed.Belin,  31055  Toulouse  Cedex,  France 
**ENSEEIHT,  Groupe  de  Modelisation  Microonde,  2  rue  Ch.Camichel,  31071  Toulouse  Cedex,  France 


Abstract  -  This  work  deals  with  the  introduction  of  a  monotonous  function  allowing  the 
resolution  of  a  nonlinear  eigenvalue  problem  with  a  great  saving  of  computation  time  and  with 
an  improved  reliability.  Thanks  to  the  intrinsic  properties  of  this  function,  it  is  possible  to 
automatize  the  computation  of  the  solutions  using  a  general  recursive  algorithm.  This  technique 
has  been  successfully  implemented  to  determine  the  resonance  frequencies  of  a  large  number  of 
microwave  and  millimeter-wave  structures. 


I.  INTRODUCTION 

In  the  case  of  a  source-free  problem,  the  application  of  many  existing  techniques  leads  to  a 
homogeneous  system  of  linear  equations  depending  on  a  parameter  co  (the  resonance  frequency)  whose 
nonzero  solution  can  be  obtained  thanks  to  the  resolution  of  a  nonlinear  eigenvalue  problem,  i.e.  for 
certain  particular  values  of  to  enforcing  the  determinant  of  the  matrix  system  to  vanish. 

It  is  common  practice  to  detect  the  zeros  of  the  determinant  function  [1],[2].  Unfortunately,  the 
determinant  is  a  nonlinear  function  of  the  frequency  containing  many  extrema  that  can  not  be 
analytically  explicited.  Therefore,  due  to  the  lack  of  suitable  zero  searching  procedure,  any  search 
algorithm,  to  our  knowledge,  is  not  automatized  and  hence,  has  to  operate  at  small  step  widths,  which 
considerably  slows  down  the  resolution  of  the  matrix  system.  Few  years  ago,  an  alternative  approach 
had  been  reported  in  [3]  to  eliminate  numerical  problems  related  to  poles.  This  technique  consists  m 
computing  a  singular  value  decomposition  (SVD)  of  the  matrix  and  to  detect  the  minima  of  its  lowest 
singular  value  a„, .  Accordingly,  the  presence  of  poles  can  be  eliminated,  providing  this  method  with  a 
good  reliability  and  numerical  stability.  Nevertheless,  computing  a  singular  value  decomposition  is  not 
economical  in  computation  time. 

In  this  work,  a  particular  combination  of  the  matrix  entries  is  used  rather  than  the  determinant 
to  solve  the  problem.  This  built  function  has  the  intrinsic  properties  to  be  monotonous  with  co  and  to 
have  the  same  zeros  as  the  determinant  function.  The  monotonicity  ensures  that  poles  and  zeros  must 
alternate  in  position  along  the  co  axis  so  that  once  calculated  the  poles,  zeros  are  easily  computable, 
providing  this  technique  with  a  good  reliability.  In  addition,  it  is  possible  to  automatize  the  pre¬ 
location  of  the  searching  intervals  using  a  recursive  procedure  so  that  the  resolution  can  be  totally 
automatized  without  any  consideration  about  the  initial  location  of  the  solutions.  Since  one  single 
evaluation  of  the  function  needs  2(n-l)^  /  3  flops,  which  is  less  than  for  the  determinant,  computation 

time  can  be  then  highly  speeded  up.  This  technique  makes  the  characterization  of  any  resonance 
problems  numerically  systematic  and  automatic. 


502 


n.  FORMULATION 


The  analysis  of  a  planar  circuit  in  inhomogeneous  medium  reduces  to  the  writing  on  the  printed  plane 
S  (Fig.l)  of  the  continuity  conditions  of  the  tangential  components  of  the  electric  and  magnetic  fields 


Ejj-  -E22-  -E 

Hjj-  —  ~  J  n 


plane 

Fig.l:  Planar  circuit 


For  commodity  reasons,  we  introduce  J  =  H  a  n  so  that  J  =  YE  where  Y  represents  the  admittance 
operator  of  a  finite  or  infinite  half-space  C  as  illustrated  on  Fig.2.  Owing  to  that,  the  tangential 
components  of  the  fields  are  such  that  on  each  side  of  the  S-plane 


Ji=YiEi 


(2) 


Therefore,  replacing  (2)  in  (I)  yields 


JEi=E2=E 

[Jl+J2=j 


(3) 


The  resolution  of  the  problem  is  obtained  thanks  to  the  writing  of  the  boundary  conditions  on  S  : 


fE  =  0  onDf^ 
|j  =  0  onDo 


where  Dm  and  Dd  correspond  respectively  to  the  metallic  and  dielectric  subdomains  of  S. 


Fig.  2  :  admittance  operator  of  a  finite  or  infinite  half-space  C 


Equating  the  problem  leads  to  the  resolution  on  Dm  of  the  following  equation  : 

(y,+Y,)''j  =  ZJ  =  0  (5) 

On  the  S-plane,  the  unknown  current  J  is  expanded  in  terms  of  piecewise  or  extended  testing  functions 
jg,.),  independent  of  the  frequency  anyhow,  which  must  be  chosen  to  approximate  the  true  but 
unknown  distribution  of  the  current  on  Dm  and  to  vanish  on  the  dual  domain  Dd  : 

p 

J  =  2^^/t|gk>  (6) 

so  that  (5)  can  be  written  as  an  homogeneous  linear  equation  with  p  unknowns  coefficients  ••  -  j 

(7) 

*=1 

The  application  of  Galerkin’s  method  leads  to  the  numerical  resolution  of  (7)  as  a  homogeneous 
system  of  p  linear  equations  with  p  unknowns  X;;. .  The  matrix  representation  of  (7)  is  given  by 

[z][X]  =  0  (8) 

where  [X]  is  a  vector  containing  the  p  coefficients  (xj  ■  •  -  x^ )  and  [zj  is  a  p-by-p  matrix,  depending  on 
a  parameter  to  (the  resonance  frequency),  the  ij  entry  of  which  is  given  by 

[z(<i>)l^  =(giZ(oo)gj)  (9) 
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The  condition  of  existence  of  a  nonzero  vector  [Xj  in  (8)  is  obtained  by  computing  the  values  of  o 
making  the  j^zj  matrix  singular,  i.e.  enforcing  its  determinant  to  vanish 

c/e?[z(co)]  =  0  (10) 

Equation  (10)  is  known  as  the  generalized  resonance  condition  [5]  and  constitutes  in  fact  a  nonlinear 
eigenvalue  problem. 

It  is  then  common  practise  to  look  for  the  zeros  of  the  determinant  function.  However,  the  lack  of 
property  of  the  determinant  versus  o  makes  this  task  tedious.  On  one  hand,  the  determinant  contains 
poles  and  zeros  in  close  neighborhood  [3],  and  on  the  other  hand,  more  than  one  zero  can  be  found 
between  any  two  consecutive  poles,  making  any  standard  zero  searching  procedure  inefficient.  Owing 
to  that,  it  would  be  more  convenient  to  find  a  monotonous  equivalent  of  (10). 


m.  RESOLUTION  OF  THE  NONLINEAR  EIGENVALUE  PROBLEM 

Firstly,  it  will  be  assumed  that  any  quadratic  form  constructed  with  is  a  monotonous  function  of 
CO.  Accordingly,  it  can  be  readily  proved  that  any  quadratic  form  constructed  with  Z"’(co)  is  also  a 
monotonous  function  of  co.  This  property  applies  itself  to  the  diagonal  terms  of  |z  ((D)j  and  in 
particular  to  the  first,  so  that 


det 

•^2,2  (®) 

'1  1 

del 

■[2(co)] 

^1.1 

-1 

(11) 


is  a  monotonous  function  of  co.  The  denominator  of  (1 1)  is  the  result  of  the  following  partition  of 


According  to  the  assumption,  it  is  clear  that  the  denominator  of  (1 1 ) 


/p(®)  =2u(“)-[A.2(“')p2.2(®)]  '[^2,j(ffl)] 


(13) 


det\z((o)] 

is  also  a  monotonous  function  of  co.  Moreover  /  (co)  =  — f-x — n  =  0  (14) 

det[Z2.H\ 

is  equivalent  to  (10).  Once  the  monotonicity  of  /p(co)  established,  it  follows  that  poles  and  zeros  must 
alternate  in  position  along  the  co  axis.  The  zeros  location  being  ensured  by  the  poles  location,  it  is 
necessary  to  look  for  the  poles  of  (1 3). 

We  can  see  in  (13)  that  the  poles  contained  in  the  [z]  entries  vanish  by  construction  in  /^(co).  Thus, 
according  to  (14),  the  poles  of  /^(to)  are  obtained  by  computing  the  values  of©  such  that 

Jcr[Z2,2(to)]  =  0  (15) 

This  is  in  fact  a  nonlinear  eigenvalue  problem  of  order  (p-l)  which  can  be  solved  equivalently,  i.e. 
introducing  a  function  which  is  the  result  of  the  partition  of  1^  (12)-  This  process 

iterates  until  the  last  diagonal  term  of  the  initial  matrix  2p.p(©)  that  has  also  the  property  to  be 
monotonous  and  whose  poles  are  easily  computable.  It  is  then  possible  to  automatize  the  resolution  of 
(10)  using  a  recursive  procedure  based  on  the  calculation  of  the  zeros  of  the  determinants  of  principal 

submatrix  of  [z]  as  illustrated  in  Fig.3. 


Fig-  3  :  Recursive  algorithm  for  the  resolution  of  the  nonlinear  eigenvalue  problem 
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rV.  APPLICATION  AND  RESULTS 


The  spectral  representation  of  the  Z  operator  is  given  by 


TE.TM 


n 


(16) 


The  |fn)  functions  are  the  eigenfunctions  of  the  Helmholtz  operator  for  the  two-dimensional 
boundary- value  problem  on  S  (x=0,x=a,z=0,z=b  in  Fig.l).  These  fimctions  constitute  the  complete  set 
of  transverse  and  mode  functions  [1]  and  the  modal  components  £„  and  Jn  of  electric  and 
magnetic  fields  are  such  that  for  the  i*  region  Since  functions  |f„)  and  jg^)  are 

independent  of  co,  the  co-dependence  of  the  matrix  entries  (9)  is  carried  out  by  Ti„(co)  and  T2„(co).  It 
can  be  readily  proved  that  Ti„(co)  and  I^„(co)  have  the  property  to  be  monotonous  versus  co,  which 

ensures  the  initial  assumption  about  the  quadratic  form  of  Z .  Briefly  established  in  the  spectral 
domain,  this  property  is  maintained  in  the  spatial  domain. 

The  technique  developped  in  section  HI  had  been  successfully  implemented  to  determine  the  resonance 
frequencies  of  a  patch  antenna  (Fig.  4). 


Fig.  4  :  Resonance  fi-equencies  of  a  patch  antenna  as  example  of  application. 
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In  Fig.  4  are  plotted  both  the  determinant  function  and  the  /^(co)  defined  in  (13).  The  scale  of  the 

fi-equency  axis  had  been  intentionally  zoomed  in  order  to  see  how  difficult  it  would  have  been  to  look 
for  the  zeros  of  the  determinant.  It  is  clear  that  since  poles  and  zeros  alternate,  and  once  calculated 
poles,  missing  solutions  is  avoided  with  this  function. 

The  algorithm  consist  in  fact  in  an  automatic  pre-location  of  the  poles  of  Since  one  single 

evaluation  of  /p(co)  needs  only  2{;7-l)^/3  flops  (compared  to  2p^  /  3  for  a  determinant  [6]), 
computation  time  can  be  highly  speeded  up. 


V.  CONCLUSION 

A  general  recursive  algorithm  has  been  presented  to  solve  a  nonlinear  eigenvalue  problem.  This 
technique  is  general  and  takes  full  advantage  of  what  an  operator  may  have  properties  versus  a 
parameter.  It  allows  the  automatic  resolution  of  a  nonlinear  eigenvalue  problem  with  an  extremely 
reduced  CPU  time  and  an  improved  reliability.  With  this  method,  the  features  of  a  large  number  of 
microwave  and  millimeter-wave  structures  can  be  systematically  and  automatically  studied. 
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ABSTRACT 

In  general,  the  application  of  solvers  to  systems  of  linear  equations  are  limited  by  the  available  random 
access  memory  (RAM)  on  the  host  computer.  For  typical  workstations,  this  may  limit  the  size  of  the 
problem  to  a  few  thousand  unknowns  (complex,  double  precision).  This  paper  discusses  a  dense  out- 
of-core  (DOC)  solver  which  operates  on  a  partitioned  system  matrix  where  the  submatnces  can  be 
sized  in  a  way  consistent  with  available  RAM.  The  application  of  this  DOC  solver,  given  a  moderate 
amount  of  RAM,  is  limited  only  by  the  amount  of  available  disk  space  and  the  desired  soluUon  time 
Results  from  a  series  of  run-time  trials  are  given,  comparing  the  run  time  of  the  DOC  solver  to  that  of 
a  standard  in-core  solver.  Finally,  both  sequential  and  parallel  components  within  the  DOC  solver  have 
been  identified;  providing  a  clear  path  to  a  distributed  implementation  of  the  algorithm. 


1.  INTRODUCTION 

The  purpose  of  this  paper  is  to  present  a  dense  out-of-core  (DOC)  solver  for  large  complex  linear 
systems  of  equations  that  would  normally  exceed  the  in-core  capacity  of  the  host  computer.  Since  the 
amount  of  available  RAM  on  a  workstation  can  be  quite  limited  and  disk  space  is  considerably  less 
expensive  than  RAM,  out-of-core  solvers  are  a  cost  effective  means  for  extending  the  solution 
capability  of  the  machine  as  long  as  the  solution  time  can  be  maintained  at  a  re^onable  level.  Of 
course,  the  capabilities  of  computing  platforms  vary  dramatically  for  different  installations  and  a 
“reasonable”  time  will  depend  on,  among  other  things,  the  number  of  users  and  availability  of  the 
machine.  As  a  result,  this  paper  does  not  attempt  to  provide  an  “optimum”  solver  for  our  host 
computer-  but  examines  the  requirements  (RAM  and  disk  space)  and  performance  (problem  size  and 
computation  time)  of  an  algorithm  that  represents  a  compromise  between  RAM  usage  and  solution 
time.  In  addition,  this  compromise  allowed  for  the  examination  of  a  rather  wide  range  of  requirement 
and  performance  parameters.  The  host  computer  used  to  generate  these  results  is  a  Silicon  Graphics 
workstation  (64-bit,  R8000  processor)  with  384  MB  of  RAM,  a  2GB  system  disk  drive,  and  four  9  GB 

external  data  disk  drives,  •  u  i  • 

The  following  discussion  presents  the  general  problem  and  assumptions,  describes  the  solution 
approach  with  a  more  detailed  definition  of  the  out-of-core  algorithm,  provides  a  discussion  of  the  run¬ 
time  performance  results,  and  examines  the  relationship  of  RAM  and  data  transfer  requirements  with 
problem  size  and  partitioning.  This  is  followed  by  a  brief  discussion  of  the  potential  run-time 
improvement  realized  through  a  distributed  implementation  of  the  DOC  solver. 
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2.  PROBLEM  DESCRIPTION 


The  DOC  solver  determines  the  unknown  matrix  X  in  the  equation 


'a.  • 

A. 

A. 

(1) 


where  A  is  the  nxn  system  matrix  (impedence  matrix),  ^  is  the  nxk  matrix  of  right-hand-sides  (RHSs 
or  excitation  vectors),  and  m  is  the  number  of  partitions.  For  electromagnetics  problems,  all  of  the 
matrices  are,  in  general,  complex  and  the  system  matrix  is  typically  dense.  Before  the  algorithm  is 
applied,  all  of  the  matrices  are  partitioned  into  submatrices  that  are  read  from  disk  as  needed  and 
overwritten  with  intermediate  results  as  they  are  calculated.  The  size  of  the  partitions  is  chosen  to  be 
consistent  with  the  available  RAM  and  acceptable  run  times.  Furthermore,  this  DOC  solver  can  be 
used  on  less-than-dense  system  matrices.  It  is,  however,  advisable  to  use  a  pre-conditioner  on  such 
system  matrices  before  applying  this  solver  to  ensure  the  diagonal  submatrices  are  nonsingular.  For 
problems  considered  in  this  paper,  pre-conditioning  was  not  required. 

3.  APPROACH 

The  approach  is  similar  to  the  standard  solution  that  uses  LU  decomposition  except  that  it  is  divided 
into  a  collection  of  sequential  steps  to  obtain 


o 

o 

Uu  - 

'b,' 

i  0 

0  *•.  : 

= 

1 

0  0 

A. 

where  £  and  (7  are  partitioned  in  a  manner  consistent  with  the  original  system  matrix.  First,  the  system 
matrix  is  partitioned  into  submatrix  blocks  that  are  consistent  with  the  available  RAM.  Although  it  is 
not  quite  the  most  efiBcient  partition,  the  first  (m-1)  by  (m-1)  submatrices  in  the  system  matrix  are 
assigned  the  same  dimension,  s,  such  that  the  dimension,  q  (q<=s),  of  ^4^  is  as  close  to  s  as  possible 
while  maintaining  (m-l)s+q==n.  After  partitioning,  the  sequential  steps  begin  with  and  each  step  in 
the  sequence  factors  the  block  diagonal  submatrix,  A^,  into  its  ^  and  factors,  solves  for  the 
submatrices  below  (Ijj,  i<j<=m)  and  to  the  right  ,  i<j<==m)  of  the  diagonal  submatrix,  calculates  the 
intermediate  solution  of  for  the  corresponding  block,  updates  the  unused  blocks  in  the  RHS 

and  system  matrix  before  proceeding  to  the  next  submatrix  on  the  diagonal.  When  this  sequence  of 
steps  is  complete,  the  matrices  i7  and  7  are  stored  on  the  disk,  and  all  that  remains  is  to  backsolve  UX 
—  Y  for  the  unlmown  matrix,  X .  This  sequential  procedure  is  less  complicated  but  involves  a  solve 
and  update  repetition  similar  to  the  above  sequence.  Beginning  with  U^,  each  block  diagonal  matrix, 
C/jj,  and  its  corresponding  RHS,  Y^,  are  used  to  solve  for  X^  which  is  then  used  to  update  the  RHS  (7, 
l<=D<i)  above  the  current  block  row.  ^ 
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It  is  clear  that  this  implementation  reduces  RAM  usage  at  the  expense  of  data  transfer  time  and  will 
increase  the  overall  run  time  of  the  application.  The  following  section  defines  the  algorithm  that  was 
used  in  the  run-time  trials  discussed  in  Sec.  5.  It  is  also  the  basis  for  the  RAM  and  data  transfer 
requirements  that  are  discussed  in  Sec.  6. 

4.  ALGORITHM  DEFINITION 

A.  First  m-1  LU  Decomposition  Steps. 

Fori=l  tom-1; 

1 .  Perform  a  standard  LU  decomposition  [1]  on  and  calculate  the  ith  intermediate  solution. 

a.  Retrieve  and  J5j  firom  the  disk. 

b.  Obtain  Ai  ^nd  p;  fi:om  the  LU  decomposition  where  is  the  row  permutation 

vector. 

c.  Permute  jBj  using  Pi ,  and  solve  for  F; . 

d.  Replace  and  A^^  on  the  disk  with  Fj  and  XiiUji ,  respectively. 

2.  Forward  solve  LjilTij  =Ai^  for  Ujj .  G  ”  i+l,...,ni). 

For  j  =  i+1  to  m 

a  Retrieve  A^^  fi:om  the  disk  and  permute  using  p; . 

b.  Solve  LiiUij  -  Ajj  for  , 

c.  Replace  A^  on  the  disk  with  . 

End  ofj  Loop 

3 .  Solve  Iji Uii  =  Aji  for  ^  G  =  i'*'! >ni)  and  update  the  RHS  and  the  system  matrix. 

Forj  =  i+l  to  m 

a.  Retrieve  A^i  fi-om  the  disk. 

b.  Solve  XjiZ/jj  =  Aji  for  . 

c.  Retrieve  B^  fi'om  the  disk  and  subtract  Xj^Fj . 

d.  Replace  Bj  on  the  disk  with  the  difference. 

e.  Update  remainder  of  system  matrix  with  outer  product. 

For  r  =  i+1  to  m 

1.  Retrieve  U„  and  Aj,  from  disk. 

2.  Subtract  Xjj  from  A^^ . 

3 .  Replace  Aj,  on  disk  with  the  difference. 

End  of  r  Loop 

End  of  j  Loop 

End  of  i  Loop 

B.  Last  LU  decomposition  and  completion  of  the  intermediate  solution, 

1 .  Retrieve  A^^  firom  disk. 

2.  Obtain  =  A^  and  p„  firom  the  LU  decomposition. 

3.  Permute  B^  using  p„  ,  and  solve  X„„F^  =  B^  for  F„  . 

4.  Backsolve  X^^Y^to  obtain  . 

5 .  Replace  F^  on  disk  with  X„  . 
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6.  Update  F. 

For  i=m-l  to  1 

a.  Retrieve  Fj  and  U-^  then  subtract  from  F^. 

b.  Replace  F;  on  disk  with  difference. 

End  of  i  Loop 

C.  Backsolve  for  solution  matrix. 

Fori  =  m-l  to  1 

1 .  Retrieve  i7ii  and  F;  from  disk. 

2.  Solve  f/iiXi  =  Fj  for 

3.  Replace  Fj  on  disk  with  Xj . 

4.  If  i  is  greater  than  1 ,  update  F. 

Forj  =m-l  to  1 

a.  Retrieve  Fj  and  Uy,  then  subtract  UpC,  from  Fj. 

b.  Replace  Ij  on  disk  with  difference. 

End  ofj  Loop 

End  of  i  Loop 

5.  RUN-TIME  PERFORMANCE  VIA  PATCH 


The  PATCH  code  is  an  EFIE  based  MoM  code  that  can  be  used  to  predict  the  RCS  of  faceted  bodies, 
see,  e.g.,  [2-3].  In  this  regard,  PATCH  is  an  ideal  tool  for  generating  dense  complex  linear  systems. 
Over  the  past  four  years  PATCH  has  been  extensively  modified  (by  CEL)  to  provide  a  more  efficient 
environment  in  which  electromagnetic  predictions  can  be  done.  In  particular,  PATCH  has  been  divided 
into  functionally  dissimilar  routines.  These  routines  are  (1)  geometry  manipulation,  (2)  impedance 
matrix  fill,  (3)  excitation  matrix  fill,  (3)  linear  system  solve,  and  (4)  RCS  computation.  Each  of  these 
routines  are  now  executed  independently  of  one  another,  although  output  from  one  routine  may  be 
required  as  input  to  another. 

Most  recently,  PATCH  was  modified  to  provide  partitioned  linear  systems  in  a  format  compatible  with 
the  DOC  solver  and  in  its  current  form,  PATCH  computes  both  the  impedance  and  the  excitation 
matrix  elements  to  double  precision.  However,  to  minimize  disk  storage,  all  matrices  written  to  the 
external  disk  drives  are  stored  as  single  precision.  So  the  DOC  solve  portion  of  this  RCS  prediction 
process  is  done  as  single  precision. 

When  PATCH  is  used  in  combination  with  the  DOC  solver,  the  impedance  matrix  fill  routine  can 
distribute  the  partitions  of  an  impedance  matrix  onto  at  most  four  user  specified  external  disk  drives  as 
does  the  excitation  matrix  fill  routine.  The  excitation  matrix  fill  routine  stacks  dual  polarization 
excitation  (column)  vectors  per  incident  direction  into  a  matrix  that  forms  the  RHS  of  the  linear 
system.  The  DOC  solver  reads  the  partitioned  data  from  the  external  disk  drives  as  needed  and  writes 
out  the  partitioned  solution  matrix.  Finally,  the  RCS  computation  routine  reads  the  partitioned  solution 
matrix  along  with  geometry  data  and  computes  the  RCS  data  corresponding  to  the  faceted  body  and 
given  excitation  matrix.  Timing  results  for  the  DOC  solver  portion  of  this  process  are  provided  in  Fig. 

1  for  the  m=4  and  m=20  DOC  solvers,  see  Sec.  3.  These  results  are  compared  with  those  of  an  in-core 
solver,  based  on  the  LU  decomposition  technique  described  in  [1],  and  are  also  shown  in  Fig.  L 
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Figure  1.  Run-Time  Comparisons 

The  run-time  comparison  given  in  Fig.  1  clearly  illustrates  the  trade-off  betw^een  in-core  and  out-of- 
core  solvers,  i.e.,  between  RAM  usage  and  solution  time.  The  m=20  DOC  solver,  where  the  system 
matrix  is  partitioned  into  400  submatrices  requires  a  great  deal  more  disk  I/O  than  does  the  m=4  DOC 
solver  with  its  16  submatrices;  accounting  for  the  longer  run  times  shown  in  Fig.  1. 

The  in-core  solver  requires  no  disk  I/O  and  as  a  result  one  would  expect  it  to  require  even  less  run  time 
than  the  m=4  DOC  solver.  This  is  true  until  one  approaches  the  RAM  limit  of  the  host  computer,  in 
which  case  there  is  apparently  some  memory  management  overhead  that  begins  to  influence  the  run 
time.  For  near  RAM  limit  applications,  this  causes  the  in-core  solver  to  run  slower  than  the  m=4  DOC 
solver. 

6.  MEMORY  AND  DATA  TRANSFER  REQUIREMENTS  , 

Assuming  that  the  number  of  RHSs,  k,  is  less  than  or  equal  to  the  dimension,  s,  of  a  system  submatrix, 
the  algorithm  defmed  in  Sec.  4  requires  three  complex  sxs  matrices  and  one  integer  permutation  vector 
(sxl)  in  RAM.  Assuming  a  single  precision  calculation  (4  byte  real),  the  amount  of  memory  (RAM) 
required  to  execute  the  algorithm  is  illustrated  in  Fig.  2  for  various  values  of  system  dimension  and 
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partition.  The  memory  requirement  for  the  partitioned  systems  is  capable  of  handling  problems  with 
as  many  as  s  RHSs.  The  memory  requirement  for  the  in-core  solver  was  calculated  using  only  one 
RHS. 


Number  of  Unknowns 


In-Core  assumes  only 
one  right-hand-side 


—  In-Core 
^4X4 
^10X10 
^20X20 


Figure  2.  RAM  Requirements 


Besides  RAM,  another  significant  factor  influencing  the  problem  run  time  is  the  amount  of  data  that 
must  be  transferred  to  and  fi:om  the  disk  (or  disks)  during  the  solution  process.  Fig.  3  illustrates  that 
there  is  about  twice  as  much  data  read  as  written.  This  ratio  between  reads  and  writes  will  be  the  same 
for  all  problems  where  the  number  of  RHSs  is  small  relative  to  the  submatrix  dimension.  Another 
variable  that  might  be  considered  here  is  the  number  of  times  that  an  external  disk  drive  is  accessed. 
However,  this  number  is  dependent  only  on  the  number  of  partitions,  m,  and  not  the  size  of  the 
problem,  and  compared  to  the  data  transfer  times,  it  will  typically  be  small. 


1 160  Unknowns 
with  2  RHSs 


^READ 
-^WRITE 
—  TOTAL 


Number  of  Partitions 
Figure  3.  Amount  of  Data  Transferred 
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7.  ALGORITHM  IMPLEMENTATION  FOR  NETWORK  ENVIRONMENTS 


The  choice  of  a  linear  system  solver  depends  greatly  on  the  computing  environment  in  which  it  will  be 
used.  The  attributes  of  a  networked  (distributed)  computing  environment  differs  significantly  &om 
those  of  a  machine  designed  specifically  for  parallel  computations.  A  networked  computing 
environment  is  characteriaed  by  processors  which  have  different  speeds,  local  memory,  and  local  disk 
storage.  In  addition,  the  communication  times  within  the  network  are  considerably  longer  so  that  data 
transfer  among  network  nodes  is  less  than  optimum.  This  problem  is  countered  by  the  fact  that  a 
networked  computing  environment  can  provide  a  significant  reduction  in  application  run  time  if  there 
is  an  appreciable  amount  of  mutually  independent  [4]  calculations  in  the  solution  algorithm  such  as 
those  described  in  Sec.  4.  In  particular,  steps  A2,  A3,  B6,  and  C4  of  the  algorithm  make  up  a  large 
portion  of  the  total  run  time,  are  clearly  independent,  and  do  not  share  the  same  data.  These  steps 
include  the  mutually  independent  calculations  of  the  Lj;,  and  Y-,;  the  outer  product  obtained  from 
these  matrices;  the  update  of  the  system  and  excitation  matrices;  and  updates  to  the  RHS  which  are 
part  of  the  backsolve  steps.  Exploitation  of  these  mutually  independent  operations  will  depend  on  the 
unique  properties  of  a  given  network  and  will  require  an  approach  which  accommodates  these 
properties  when  attempting  to  maintain  proper  load  balancing  while  limiting  interprocessor 
communications. 

8.  SUMMARY 


The  dense  out-of-core  solver  described  here  was  written  with  workstation  users  specifically  in  mind 
although  it  is  not  restricted  to  such  computing  environments.  This  implementation  trades  RAM  usage 
for  solution  time  and  external  disk  space,  and  is  well  suited  for  solving  large  linear  systems  of 
equations.  This  particular  implementation  of  the  DOC  solver  has  been  used  in  combination  with  the 
PATCH  code  for  computing  the  RCS  of  various  test-bed  objects  at  frequencies  up  to  10  GHz. 
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1  -  MODELING  OF  RESONATOR  TEST  DATA. 

Closed-form  mathematical  expressions  have  been  developed,  that  accurately  characterize  a 
large  class  of  multiport  cavity  resonators,  in  terms  of  scattering,  impedance,  and  image 
parameters. 

Surprisingly  simple  closed-form  expressions,  developed  by  fitting  the  impedance-matrix 
eigenvalues  with  rational  functions,  have  been  extracted  from  calibrated  scattering  parameter 
data. 

Calibrated  scattering  parameter  measurements  were  performed  on  representative  physical 
models  of  a  large  class  of  multiport  resonators,  machined  with  high  precision  in  the  form  of 
straight  cylinders  with  either  circular,  square,  or  hexagonal  cross-sections. 

2  -  MULTIPLE  RESONANT-IRIS  COUPLINGS. 

The  multiport  resonators  tested  and  analyzed  in  this  study  have  either  six,  four,  three  or  two 
direct-coupling  ports,  in  the  form  of  mutually-identical  coupling  irises  cut  out  of  either  the 
resonator  cylindrical  wall  (Fig.  1),  or  cut  out  of  the  resonator  top  and  bottom  shorting  planes. 

The  cross-sections  of  the  iris  apertures  are  carefully  designed  to  make  all  the  irises  resonant 
at  the  same  frequency  as  either  the  TE  or  the  TM  fundamental  resonator  modes.  The  coupling 
irises  are  always  cut  at  equally-spaced  azimuth  locations  around  the  resonator  axis,  with  iris-to- 
iris  azimuth  spacing  of  either  60° ,  90° ,  120° ,  or  180° ,  depending  on  the  total  number  of  ports. 

The  coupling  irises  that  are  cut  out  of  the  resonator  cylindrical  wall  are  either  centered 
around  the  median  plane  between  the  top  and  bottom  shorting  planes  (Fig.l),  or  symmetrically 
offset  above  and  below  it  in  alternating  pairs. 

All  the  multiport  resonators  tested  and  analyzed  in  this  study  exhibit  very  specific  rotation, 
and  reflection  symmetries,  identified  by  the  symbols  C^y ,  C^y ,  Csy ,  and  €2^ . 

In  the  case  of  the  six-port,  or  four-port  resonators  with  offset  cylindrical-wall  irises, 
however,  the  symmetry  classifications  are  given  by  either  5^  =  ,  for  the  six-port  case,  or  = 

C4  CFj » for  the  four-port  case,  (drehspiegelung  [1]). 


3  -  PRACTICAL  APPLICATIONS. 


The  six-port,  and  four-port  resonators  with  coupling  irises  cut  out  of  the  cylindrical  wall  at 
equidistant  azimuth  angles  around  the  cylinder  axes,  have  a  quite  remarkable  practical 
applications  as  the  cells^’  of  two  rather  unique,  two-dimensional  wave-guiding  structures, 
with  either  an  hexagonal  or  a  square  lattice.  These  two  types  of  structure  resemble  thus  a 
"honeycomb"  and  respectively  an  "egg-crate". 

Indeed,  such  slow-wave  structures  have  already  been  theoretically  analyzed  in  substantial 
depth  [2-6],  and  experimentally  evaluated  as  low-loss,  wide-band  signal-distribution  networks 
for  electronically-steered  phased  arrays  [7-8]. 

In  this  specific  application,  each  of  the  mutually-coupled  resonators  in  the  structure  feeds 
one  of  the  array  elements  with  the  resultant  vector-sum  of  signals  generated  by  a  comparatively 
small  number  of  mutually-coherent  sources.  This  system  configuration  leads  to  large  reductions 
in  the  required  number  of  electronic  beam-steering  control-devices,  as  compared  to  the 
notoriously  expensive  active-aperture  arrays  (Fig.  2  &  3). 

4  -  TWIN  STACKED  HONEYCOMB  STRUCTURES. 

Similarly,  the  three-port  resonators  with  coupling  irises  cut  out  of  either  shorting-plane  at 
120'’  azimuth  angles  around  the  cylinder  axis,  can  be  used  as  the  "unit  cells"  of  a  two  level, 
"twin-stacked-honeycomb"  slow-wave  structure,  where  each  top-level  resonator  only  has  three 
bottom-shorting-plane  irises,  and  symmetrically  overlaps  three  bottom-level  resonators,  that  only 
have  three  top-shorting-plane  irises  (Fig.  6). 

The  twin-honeycomb  structure  exhibits  a  geometrical  "relative  shift"  of  its  top-level 
honeycomb  relative  to  the  bottom-level  honeycomb.  The  shift  is  equal  to  the  uniform  spacing 
between  resonator  axes  of  both  honeycombs  divided  by  'n/3,  and  oriented  in  one  of  the  six 
azimuth  directions  that  bisect  the  60“  angles  between  the  reflection-symmetry  planes  of  the 
structure. 

The  wave-propagation  properties  of  the  two-level  twin-honeycomb  structure  are 
intrinsically  different,  because  of  the  guided  waves  only  coupling  and  propagating  down,  from 
the  top  level  to  the  bottom  level,  and  back  up  to  the  top  level,  while  there  are  no  coupling  irises 
between  adjacent  resonators  of  each  single  level.  The  twin-honeycomb  structure  exhibits,  besides 
the  rotation  and  reflection  symmetries,  also  "glide"  symmetry. 

5  -  SYMMETRIES  OF  THE  PARAMETER  MATRICES. 

The  rotation,  and  reflection  symmetries  of  the  described  resonators,  and  the  implied 
reciprocity,  are  strongly  correlated  to  the  very  specific  mathematical  structure  of  all  the 
representative  parameter  matrices. 

Indeed,  save  for  unavoidable  machining  imperfections  of  the  models,  the  multidimensional 
scattering,  impedance,  and  admittance  matrices  of  the  described  resonators  are  all  nominally 
"symmetric"  (around  the  main  diagonal)  and  "circulant"  [9]. 

The  unique  structure  of  these  matrices  leads  to  very  substantial  reductions  of  the 
dimensionality  of  the  mathematical  representations  of  resonator  performance,  and  to  quite 
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remarkable  simplifications  of  the  ensuing  analysis  of  the  wave-propagation  properties  of  the 
described  slow-wave  structures. 

6  -  CALIBRATED  SCATTERING  PARAMETER  MEASUREMENTS. 

Physical  models  of  four-port  cavity  resonators  were  precision-machined  out  of  solid  copper 
blocks,  in  three  pieces  :  the  cylindrical  outer  wall  with  the  four  resonant  irises,  and  the  top  and 
bottom  shorting  planes.  The  spacing  between  any  two  external,  parallel  mating  surfaces  are 
equal  to  the  uniform  spacing  between  resonator  axes  in  the  full  "egg-crate"  structure,  so  that 
each  resonator  model  strictly  resembles  a  single  unit  cell  (Fig.  1  &  2). 

Six  calibrated,  two-port  scattering  parameter  measurements  were  performed  on  each 
resonator  model,  in  all  the  six  possible  combinations  of  input  and  output  ports(Fig.  4  &  5). 

These  redundant  measurement  had  a  three-fold  purpose  : 

a)  confirming  the  expected  symmetries  of  the  scattering  matrix. 

b)  evaluating  the  precision  of  the  machining  operations. 

c)  use  the  redundant  data  to  extract  strictly  symmetric  and  circulant  matrices. 

A  single,  strictly  symmetric  and  circulant  scattering  matrix  was  obtained  by  performing  a 
simple,  constrained  least-squares  fitting  operation  on  the  acquired  six  sets  of  calibrated 
scattering-parameter  data. 

The  least-squares  fitting  operation  further  enhances  the  accuracy  of  the  extracted  data,  by 
using  "a  priory"  knowledge  of  the  symmetry  structure  of  the  nominal  scattering  matrix  of  the 
device  under  test. 

7  -  FITTING  THE  IMPEDANCE  MATRIX  EIGENVALUES. 

The  elements  and  the  eigenvalues  of  the  corresponding  symmetric  and  circulant  impedance 
matrix  were  computed  from  the  extracted  scattering  matrix,  by  means  of  simple  scalar 
transformations.  Indeed,  the  necessary  mathematical  operations  are  greatly  simplified  by  the 
unique  symmetric  and  circulant  structure  of  all  the  parameter  matrices,  that  reduce  the  number 
of  different  matrix  elements,  and  the  number  of  different  eigenvalues  to  at  most  three,  and  in  the 
most  relevant  case  to  only  two. 

Surprisingly  accurate,  closed-form  mathematical  representations  of  all  the  resonator 
parameters  were  obtained  by  heuristically  fitting  the  eigenvalues  of  the  impedance-matrix,  with 
simple  rational  functions.  The  functions  were  designed  to  match  the  frequency-axis  locations  of 
the  poles  and  zeros  of  the  impedance  matrix  eigenvalues. 

The  accuracy  of  the  fitting  was  even  further  improved  by  adding  small  polynomial 
correction  terms. 
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8  -  THE  PARAMETERS  OF  6-PORT,  3-PORT,  AND  2-PORT  RESONATORS. 

Rigorous  closed-form  expressions  have  also  been  derived  for  the  few  different  elements  of 
the  impedance  and  scattering  matrices  of  six-port,  three-port,  and  two-port  resonators,  having  the 
same  internal  cross-section,  axial  depth,  and  iris-aperture  size  and  shape  as  the  tested  four-port 
resonator  models. 

The  derivations  of  these  expressions  are  based  on  the  functional  equivalence  between  a  four- 
port  resonator,  and  a  six-port  resonator  both  having  all  but  two  diametrically  opposite  coupling 
irises  shorted  (Fig.  7). 

This  functional  equivalence  is  mathematically  expressed  by  equating  the  2  x  2  admittance 
matrices  of  a  four-port,  and  of  a  six-port  resonator  with  all  but  two  diametrically-opposite  ports 
shorted. 

Obviously,  the  admittance  matrices  to  be  equated  are  simply  2x2  sub-matrices  of  the  full  6 
X  6  and  4  X  4  admittance  matrices  of  the  six-port,  and  respectively  of  the  four-port  resonator. 

The  full  admittance  matrices  are  very  easily  computed,  as  the  inverses  of  the  corresponding 
symmetric  and  circulant  impedance  matrices,  by  means  of  peculiarly  simple  linear 
transformations,  performed  on  the  reciprocals  of  the  impedance-matrix  eigenvalues. 

Similarly,  closed-form  expressions  of  the  two  different  elements  of  the  3  x  3  impedance 
matrix  of  a  three-port  resonator,  with  coupling  irises  at  120®  azimuth  angles,  have  been  obtained 
by  equating  its  3  x  3  admittance  matrix  to  that  of  a  six-port  resonator  with  three  out  of  the  six 
coupling  irises  shorted  (Fig.  8). 

9 -RESULTS. 

The  Figures  9-12  show  comparisons  between  the  scattering  parameters  of  two-port,  three- 
port,  four-port,  and  six-port  resonators  with  equal  internal  geometry  and  coupling  irises  of 
equal  size  and  shape.  The  data  displayed  in  the  figures  were  all  obtained  from  the  described 
calibrated  scattering  parameter  measurements,  performed  only  on  physical  models  of  four-port 
resonators. 
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A  Comparison  of  Analytical  and  Numerical  Solutions  for  Induction  in  a 
Sphere  with  Equatorially  Varying  Conductivity  by  Low-Frequency 
Uniform  Magnetic  Fields  of  Arbitrary  Orientation 
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Abstract 

This  paper  considers  analytical  and  numerical  solutions  to  the  problem  of  induction,  by  horizontal  unifoim 
low-frequency  time-harmonic  magnetic  fields,  in  an  equatorially  stratified  sphere  having  the  conductivity  di^ 
tribution  a{^)  =  with  p  €  {1,2}  and  A  >  0.  The  resulting  induced  el^tric  and  c^ent  density 

fields  are  fully  three-dimensional  and  exhibit  interesting  yet  physically  reasonable  behaviour.  While  of  mterest 
in  its  own  right,  the  analytical  solution  is  particularly  useful  for  the  validation  of  low-frequency  electromag¬ 
netic  computer  modelling  codes.  Fields  computed  by  a  numerical  implementation  of  a  scalar  potential  ^te 
different  method  are  found  to  compare  favorably  with  the  analytic  ones,  except  for  surface  errors  due  to  stmr- 
casing,  and  differences  along  the  vertical  axis  where  the  numerical  implementation  poorly  approximates  the 
rapid  conductivity  variation. 


1  Introduction 

The  problem  of  low-frequency  electromagnetic  induction  in  isolated  non-magnetic  compact  conducting  bodies  is 
amenable  to  solution  using  Stevenson’s  method  [1].  This  approach  is  valid  near  the  conductor,  provided  tha 
the  conductor  is  much  smaller  than  the  wavelength  of  the  incident  field,  and  that  the  conductmg  body  is  ^all 
with  respect  to  all  of  its  internal  skin  depths,  so  that  the  phase  of  the  fields  is  Imown.  Each  of  the  mcident, 
reflected  and  interior  fields  is  expanded  formally  in  a  power  series  in  wavenumber.  The  coefficients  of  hke  powers 
of  wavenumber  are  related  through  Maxwell’s  equations.  The  result  is  a  sequence  of  differential  ^uations  for  the 
various  coefficients.  The  lowest-order  problem  has  (i)  a  magnetic  field  unperturbed  by  the  conductor,  and  ^  is 
equal  to  the  source  field  everywhere,  and  (ii)  an  electric  field  which  is  zero  inside  the  conductor,  and  satisfies 
Laplace’s  equation  outside  the  conductor,  with  the  body  replaced  by  a  perfect  conductor  bearing  a  surface  charge 
density  Pao(“)- 

The  quantity  of  interest  in  the  present  work  is  the  lowest-order  internal  electric  field,  which  is  in  quadrature 
with  the  external  field.  With  an  factor  dropped,  this  can  be  represented  as 

=  —ifjj  {Vi/>(u)  +  Ao(ti)}  • 

Here  Ao(u)  is  a  vector  potential  for  the  static  limit  of  the  incident  magnetic  field,  and  a  sc^ar  conduction 

potential.  A  differential  equation  for  the  scalar  potential  is  obtained  upon  requiring  that  the  conduction  current 
be  conserved  inside  the  conductor,  V-  [cr{u)  EU^)]  = 


V-  [cr(ti)  V^(u)]  =  -V-  [a(u)  Ao(«)] . 
Specification  of  the  problem  is  completed  by  imposition  of  the  boundary  condition 

a{u)  h{u)  -E^iu)  =  iupsoiu) . 


(1.2) 


(1.3) 
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In  low-frequency  induction,  the  electric  and  magnetic  fields  can  be  considered  decoupled,  and  attention  can  be 
focussed  on  electric  or  magnetic  forcing  in  isolation  by  alternatively  setting  Ao(it)  or  Pso{u)  to  zero.  The  remainder 
of  this  paper  is  concerned  with  magnetic  excitation,  and  so  it  will  be  assumed  from  here  on  that  Pao{'“)  ~  The 
excitation  is  therefore  solely  due  to  the  magnetic  scalar  potential,  distributed  throughout  the  conductor  volume. 

The  authors  have  developed  an  efficient  computer  code  implementing  the  Scalar  Potential  Finite  Difference 
(SPFD)  Method  based  on  equations  (1.1),  (1.2)  and  (1.3),  and  are  using  this  code  for  the  modelling  of  magnetically- 
induced  power  line  frequency  fields  in  realistic  human  full-body  models.  As  with  any  numerical  method,  it  is 
desirable  to  validate  the  results,  minimally  by  comparison  with  an  independent  numerical  technique,  and  preferably 
by  comparison  with  an  analytical  solution.  However,  suitable  anahtic  solutions  axe  relatively  rare,  particularly 
for  fuUy  three-dimensional  problems.  A  recent  paper  [2]  described  one  test  of  the  code,  in  which  the  results  for 
whole-body  SPFD  computations  in  a  human  model  composed  of  7.2-mm  voxels  were  compared  voxel-by-voxel  with 
fields  computed  in  the  same  model  using  a  quasistatic  finite-difference  time-domain  (FDTD)  code  [3].  Excellent 
agreement  was  obtained,  with  typical  voxel  fields  agreeing  to  three  significant  figures. 

As  a  second  test  of  the  code,  the  authors  recently  developed  [4j  an  analytic  solution  to  the  problem  of  induction 
in  an  equatorially-stratified  conducting  sphere  by  an  applied  uniform  axial  harmonic  magnetic  field.  When  A  >  0, 
the  induced  current  is  forced  though  a  conductivity  gradient,  and  a  fully  three-dimensional  current  flow  results. 
A  recent  paper  [5]  is  concerned  with  a  comparison  of  the  numerical  SPFD  results  with  the  analytic  ones.  There, 
it  was  shown  that  the  two  sets  of  calculations  agree  quite  well,  except  at  the  surface  (where  staircasing  errors 
were  apparent)  and  near  the  central  aixis,  where  the  discrete  conductivity  inherent  in  the  numerical  approximation 
poorly  approximates  the  rapid  true  conductivity  \'ariation. 

The  analytic  solution  [4]  was  formulated  in  terms  of  a  general  Green’s  function,  involving  expansions  in  terms 
of  eigenfunctions  of  azimuthal  and  equatorial  ordinary  differential  equations.  Solutions  of  the  latter  are  similar  to 
Mathieu  functions  and  are  obtained  as  Fourier  series.  The  Green’s  function  also  involves  radial  functions  that  have 
zero  slope  at  the  surface  to  ensure  that  the  surface  electric  field  is  tangential  to  the  sphere.  The  Green’s  function 
formulation  led  to  an  exact  solution,  for  the  case  of  axial  magnetic  excitation,  also  in  the  form  of  an  eigenfunction 
expansion.  However,  as  the  authors  noted  [4j,  the  Green’s  function  formulation  is  quite  general,  and  so  can  serve 
as  the  basis  for  analytic  solutions  for  other  source  fields. 

In  the  present  work,  the  original  analytic  solution  is  extended  to  encompass  excitation  by  horizontal  magnetic 
fields,  thereby  completing  the  problem  of  low-frequency  induction  in  the  equatorially-stratified  sphere  by  uniform 
quasi-static  magnetic  fields.  The  solution  is  outlined  in  Section  2.  The  Green’s  function  formulation  [4]  is  described 
briefly,  and  the  eigenfunction  expansion  coefficients  for  the  new’^  solutions  are  developed.  Once  the  scalar  potential 
is  available,  its  gradients  can  be  combined  wuth  a  knowledge  of  the  applied  magnetic  vector  potential  to  compute 
the  induced  electric  field.  Illustrations  of  typical  solutions  are  presented  in  Section  4,  along  with  a  comparison  of 
analytic  results  with  fields  computed  using  the  SPFD  numerical  code. 


2  Model  and  Analytic  Solution 

Coordinates  and  vectors  will  be  be  interchangeably  defined  in  terms  of  a  Cartesian  coordinate  system  (z,  y,  z)  with 
associated  unit  vectors  {x,  y,  z},  and  a  spherical  polar  coordinate  system  (r,  9,  <p)  with  corresponding  unit  vectors 
|f,  The  two  systems  are  related  by 

z  =  r  sin  0  cos  {,2,  j/ =  r  sin  ^  sin  and  z~rcos6.  (2.1) 

A  typical  position  vector  ]su=^xx  +  yy  +  zz.  The  conducting  body  is  a  sphere  of  radius  a,  centred  at  the  origin, 
and  having  the  particular  positive,  periodic,  amd  equatorially  stratified  conductivity  distribution 

a{^)  =  (2.2) 

with  p  €  {1, 2}  and  A  >  0.  This  model  has  p  conductivity  maxima  and  minima  for  — tt  <  <p  <Tr,  and  a  maximum 
conductivity  contrast  of  The  logarithmic  derivative  of  the  conductivity  is 

=  a' ip)  /<t(v?)  =  Apsin  {pep) .  (2.3) 
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The  excitation  field  under  consideration  has  the  form  =  B%x  so  that  a  suitable  divergence-free  vector 

potential  is  then 

Ao  =  Bl  {yz  -  zy)  /2  [zx  -  xz)  /2.  (2.4) 

For  the  conductivity  distribution  (2.2),  the  differential  equation  (1.2)  attains  the  form 


V- [(t(u)  Vi/!(u)]  =  -S(w)  =  i/2eot0{B|cos95^B®sin95}a'(v>). 


(2.5) 


Since  the  external  electric  field  is  being  ignored,  and  the  magnetic  vector  potential  (2.4)  is  tangential  to  the  sphere 
surface,  the  requisite  boundary  condition  reduces  to 


d'ib{u)  /dr  =  0  (r  =  a). 


As  in  the  case  of  axial  forcing  [4],  a  solution  to  the  above  boundary-\'alue  problem  can  be  expressed  in  terms  of  a 
modified  Green’s  function  as 


V^(u')  =  iu'\u)dv{u). 

This  Green’s  function  has  the  form  of  the  expansion 


(2.6) 
IS  of  a 

(2.7) 


G.(u'N=  ^  f; 

■cse{e.o}m.rt=0 


(2.8) 


in  eigenfunctions  of  the  two  angular  coordinates,  the  prime  indicating  that  the  m  =  n  =  0  term  is  to  be  omitted. 
A  principal  point  to  note  here  is  that  the  functions  R^^„{r'\r)  in  the  expansion  all  satisfy  the  outer  boundary 
condition  (2.6),  and  hence  so  does  (u'|u).  The  terms  are  the  even  and  odd  normalized  eigenfunctions 

of  the  differential  equation 

F"{f.).=.s'(,r)Jt'(vr)  +  M=F(,p)-0,  (2-9) 


subject  to  a  boundary-  condition  of  periodicity  and  regularity.  This  additionaUy  defines  the  equatorial  elgen^ues 
^  _  Q  the  case  p  =  2.  the  eigenfunctions  additionally  fall  into  tt-  and  27r-periodic  classes.  AU  are 

dr^ed  in  terins  ’of  Fourier  series.  Eigenfunctions  corresponding  to  different  eigenvalues  are  orthogonal  under  the 
inner  product 

(/!5/V  =  / 


(2.11) 


SimUarly,  the  terms  QZni^)  denote  the  normalized  eigenfunctions  of  the  associated  Legendre  equation 
Isin0(5'(^)]'^  [i/(l-i-i^)sin^-pVsin0]<3(0)  =0. 

Boundary  conditions  of  regularity  at  the  sphere  poles  lead  to  the  eigenvalues 

i/€  {<„  =  y^-hnln  =  0,l,...}.  (2.12) 

The  functions  ,  / , 

Qmni^)  =  Sin^  (cos0) ,  (n  =  0, 1, . . .)  (2.13) 

form  a  suitable  set  of  unnorraalized  azimuthal  eigenfunctions,  in  terms  of  the  Gegenbauer  [6]  (ultraspherical) 
.  •  ^  .  r _ _ /c\  r^■^Aar‘c  qto  nrthrktmTinl  iirjH#>r  triG  inner 


rorm  a  suitaoie  set  or  unnorraaiizeu  ^ -  i  j  v 

orthogonal  polynomials.  Pairs  of  eigenfunctions  (2.13)  of  different  azimuthal  orders  are  orthogonal  under  the  inner 

product 

(/l5)e=  /  m9{9)sm9de. 

Jo 


(2.14) 


The  volume  integration  in  eq.(2.7)  can  be  carried  out,  using  the  expansion  for  the  modified  Green’s  function.  This 
leads  to  the  solution 


V-(u')  =  -V2C  "£  f; 

roe{e,o}  7n,n=0 


(2.15) 


535 


for  the  potential,  where 

and  =  (^cotB^QZn) (2-16) 

The  integrals  (2.16a)  and  (2.16b)  can  be  integrated  either  numerically,  or  analytically  in  terms  of  the  Fourier 
coefficients.  The  non-zero  excitation  pattern  for  the  two  horizontal  excitations  is  indicated  in  Table  1,  along 
with  that  for  the  previously-published  axial  excitation  case.  The  integrals  (2.16c)  can  similarly  be  evaluated 
analytically. 


p 

=1 

F° 

p 

=  2 

FS 

FS  ^ 

Bx  0 

• 

■^2m 

0 

*^2771  —  1 
0 

0 

• 

By  • 

0 

0 

• 

0 

0 

0 

# 

0 

0 

• 

0 

Table  1;  Equatorial  eigenfunction  excitation  pattern  for  the  three  canonical  source  fields. 


3  The  SPFD  Method 

In  the  numerical  implementation  of  the  SPFD  to  solve  equations  (1.2)  and  (1-3),  the  three-dimensional  compu¬ 
tational  domain  is  discretized  into  a  uniform  set  of  elementary  parallelepipeds  or  voxels.  Within  each  voxel  the 
electrical  properties  are  assumed  constant.  The  potential  method  is  naturally  confined  only  to  the  conductor,  with 
potentials  defined  at  the  vertices  of  the  voxels.  The  electric  fields  are  defined  as  a  set  of  discrete  vectors  on  the 
staggered  array  defined  by  the  voxel  edges,  with  field  values  defined  at  the  edge  centers.  These  are  computed  a 
posteriori,  using  finite  differences  of  the  potential  field.  To  allow  for  physical  interpretation  of  the  results,  electric 
field  vectors  are  defined  at  the  voxel  centers  by  averaging  the  three  sets  of  four  peirallel  edge  components.  The 
magnetic  vector  potential  contribution  indicated  in  eq.(l.l)  must  also  be  included.  The  current  density  is  then 
computed  by  multiplication  by  the  voxel  conductivity. 

A  finite-difference  approximation  of  equation  (1.2)  at  a  given  node  can  be  constructed  by  an  application  of  the 
divergence  theorem  to  an  imaginary  shifted  voxel  with  that  node  at  its  centroid.  It  is  convenient  to  adopt  a  local 
indexing  scheme,  where  the  target  node  is  labeled  0  and  both  the  nodes  and  edges  connected  to  it  on  the  -l-x, 
-l-j/,  — y,  +z  and  —z  sides  are  indexed  from  1  to  6  respectively  Quantities  associated  with  nodes  or  edges  eue 
then  labeled  with  the  local  index  of  the  associated  object.  With  this  shorthand,  a  simple  finite  difference  equation 
results  : 

(6  \  6  6 

P’o  ~  =  iw  ^(-l)^+^Sr4Aor  (3.17) 

r=l  /  r=l  7-=l 

In  this  equation,  £r  denotes  the  various  edge  lengths  in  the  local  indexing  scheme,  and  Aor  denotes  the  component 
of  the  external  magnetic  vector  potential  tangent  to  the  edge,  evaluated  at  the  edge  centre.  The  coefficients  are 
the  edge  conductances  Sr  =  arar/ir,  where  Or  denotes  the  average  conductivity  of  the  four  voxels  contacting  edge 
r  and  Or  is  the  axea  of  the  voxel  face  normal  to  edge  r.  The  above  equations  need  to  be  modified  in  an  obvious 
manner  if  the  central  point  is  connected  to  less  than  6  neighbouring  nodes  in  the  conductor.  It  may  be  noted 
here  that  the  above  equations  can  be  viewed  as  modelUng  a  Cartesian  lattice  of  resistors  associated  with  the  voxel 
edges,  and  in  this  sense,  the  induced  currents  may  be  considered  to  be  confined  to  these  edges.  This  interpretation 
has  consequences  for  the  surface  discrepancies,  observed  in  Section  4,  between  numerical  and  analytic  calculations. 

When  equations  of  the  above  form  are  written  for  each  vertex  of  every  conducting  voxel  in  the  distribution, 
the  result  is  a  heptadiagonal  system  of  equations  which  may  be  written  as  (N  ~  E)y  =  f.  This  set  of  equations 
is  diagonally  dominant,  symmetric,  positive  semi-definite.  It  is  also  singular,  since  the  potential  is  indeterminate 
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to  within  an  additive  constant-  This  sj^-stem  may  be  left-preconditioned  to  the  form  ^  E)y  -  N  J,or 

symmetricallv  preconditioned  to  the  form  {I  -A)  x  =  b,  where  A- N  ^I'^EN  ^  x  and  6  ~N  f. 

The  singularity  can  be  removed  by  augmenting  the  system  with  an  equation  requiring  that  the  potenta^  have  zero 
mean.  Either  form  is  well-suited  for  solution  on  a  computer,  particularly  using  an  iterative  solvers  [7].  The  parted 
Generalized  Minimum  Residual  method  converges  well  for  the  augmented  and  left-preconditioned  system.  Hwever, 
the  Conjugate  Gradient  Method  applied  to  the  symmetrically-preconditioned  and  augmented  system  proved  to  be 
the  most  efficient. 


4  Results 

To  illustrate  the  nature  of  the  resulting  field  behavior,  Figure  1  depicts  in  a  pseudo-Cartesian  format,  the  surface 
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Figure  1:  Surface  current  density  pattern  for  excitation  by  a  uniform  1-T,  60-Hz  magnetic  field 
directed  along  the  y-axis. 


current  densitv  induced  by  a  source  oriented  along  the  y-axis.  All  of  the  resets  in  this  section  pertam  to  a 
diameter  sphere  with  a  periodicity  factor  of  p  =  2,  a  contra^  factor  A  =  In  and  a  scale  f^rtor  \ 
conductivity  distribution  is  therefore  a(<p)  =  S  m'^  with  a  maximum  contrast  of  S^to-l  ^d  a 

maximum  value  of  1  S  m-^  The  conductivity  maxima  both  lie  along  the  y-axis,  while  the  immma  he  alo^^g  the 
X-axis.  All  magnetic  source  fields  have  a  freciuency  of  60  Hz,  with  a  strength  of  1  T.  The  relative  arrow  len^hs 
are  proportional  to  the  local  current  density  magnitude.  They  are  superimposed  on  a  greyscde  representation 
of  the  conductivity,  white  being  associated  with  the  highest  values.  As  might  be  expected,  the  current  flw  is 
dominantly  associated  with  the  higher  conductivity  and  shows  the  anticipated  circulation  around  the  source  vector 
in  accordance  with  Faraday’s  law. 


To  further  iUustrate  the  nature  of  the  anah'tic  solution.  Figure  2  depicts  the  current  flow,  induced  by  a  magnetic 
field  directed  along  the  x-axis,  in  the  plane  x  =  5  mm.  The  most  notable  feature  is  again  the  presence  of  a  current 


537 


vortex  associated  with  each  conductivity  maximum.  There  is  also  a  net  flow  around  the  perimeter  of  the  sphere. 
These  features  are  further  illustrated  in  the  lower  left  panel  of  Figure  3,  which  depicts  the  modulus  of  the  induced 
current  density  in  the  plane  2  =  5  mm.  The  associated  electric  field  intensity  is  depicted  on  the  top  left  panel  of 
this  same  Figure.  The  two  current  vortices  are  clearly  visible,  more  so  in  the  electric  field. 


Current  Density  Flow  at  x=5  mm 


Figure  2:  Current  density  pattern  in  the  plane  x  =  5  mm  induced  by  a  uniform  1-T,  6O-H2  magnetic 
field  directed  along  the  x-axis. 


Figure  3  also  depicts  results  rj-pical  of  comparisons  between  data  computed  from  the  SPFD  numerical  code  and 
the  analytical  model.  The  right-hand  panels  show  the  voxel-wise  difference  between  the  modulus  of  the  electric 
field  (top)  and  current  density-  (bortom)  computed  by  the  two  methods.  Significant  discrepancies  are  confined  to 
the  vicinity  of  the  surface  of  the  sphere  and  of  the  z-axis.  The  former  are  largely  associated  with  the  staircasing 
errors,  where  the  voxel-edge-based  numerical  representation  of  the  electric  field  poorly  represents  the  true  spherical 
surface  current  pathways.  The  latter  are  associated  with  the  inability  of  the  discrete  voxels  to  capture  the  rue 
rapid  variation  of  the  conductivity  with  angle. 

Table  2  presents  a  numerical  comparison  between  the  field  moduli  computed  by  the  analytical  and  numerical 
methods,  for  both  source  orientations.  The  upper  section  of  the  table  is  concerned  with  the  mPLvimnm  values.  These 
are  in  good  agreement,  for  both  the  electric  field  and  current  density,  for  the  source  along  the  x-axis.  Furthermore, 
the  maximum  value  of  the  electric  difference  field  is  only  5%  of  the  corresponding  field  maTnmnm  The  mRYimitTn 
current  density  discrepancy  is  about  17%  of  the  maximum.  The  agreement  is  worse  for  the  y-directed  source.  Here 
the  numerical  electric  field  and  current  density  maxima  are  much  smaller  than  those  generated  by  the  x-directed 
source,  and  differ  firom  each  other  by  26%  and  12%  respectively.  Similarly  the  corresponding  maximum  differences 
are  26%  and  18%  of  the  associated  global  maximum.  The  table  also  presents  tw^o  global  comparison  measures, 
namely  the  average  and  variance  of  each  field.  These  are  in  much  better  agreement.  The  averages  all  agree  to 
better  than  0.4%  relative  error,  and  the  variances  are  in  only  slightly  worse  agreement.  Finally,  the  table  indicates 
in  the  last  row,  the  three-dimensional  correlation  coefficient  between  the  analytic  and  numerical  computations. 
These  exceed  99.3%  for  the  x-directed  source  and  99.9%  for  the  y-directed  source.  The  better  agreement  for  the 
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Figure  3:  Modulus  of  the  analytically-computed  electric  field  and  current  density  (left  column),  and 
of  the  associated  differences  between  the  analytic  and  numerical  solutions,  in  the  plane  z  -  5  mm. 
Excitation  is  by  a  uniform  1-T,  6O-H2  magnetic  field  directed  along  the  x-axis. 
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\E\ 

\J\ 

\E\ 

\J\ 

Ana 

-1-1.22, -i-3 

+1.77, +2 

+1.11, +2 

+3.58, +1 

Max 

Num 

+1.22, +3 

+1.77, +2 

+1.40,  +2 

+4,01, +1 

A 

+6.61, +1 

+2.92, +1 

+2-91, +1 

+6.27,  +0 

Ana 

+3.11, +1 

+7.06,  +0 

+2.84,  +1 

+5.06,  +0 

Avg 

Num 

+3.12, +1 

+7.07, +0 

+2.84,  +1 

+5.05, +0 

A 

-7.15, -2 

-1.07, -2 

+5.31,  -2 

+7.26,  -3 

Ana 

+5.87, +1 

+1.44,  +1 

+3.54,  +1 

+7.86, +0 

Vax 

Num 

+6.00, +1 

+1.44, +1 

+3.53,  +1 

+7.85, +0 

A 

+8.02, +0 

+1.27, +0 

+1.17,  +0 

+2.09,  -1 

1  Cor 

+0.99300 

+0.99688 

+0.99967 

+0.99975 

Table  2-  Comparisons  between  the  modulus  of  the  electric  field  (in  volts  per  meter)  and  current 
density  (in  amperes  per  square  meter)  computed  by  the  numerical  (labeled  “Num”)  and  analytica^. 
(“Ana”)  solutions,  for  excitation  by  60-Hz,  1-T  uniform  magnetic  fields  directed  along  the  i-  and 
y.  axes  The  tabulated  data  axe  the  maximum  (“Max”),  average  (“Avg”)  and  the  variation  (  Var  ) 
for  each  field  The  quantities  are  also  tabulated  for  the  voxel-wise  difference  between  the  analytic 
and  numerical  solutions.  In  the  bottom  row  axe  the  fuU  three-  dimensional  correlation  coefficient 
between  the  two  solutions.  The  numerical  values  axe  in  an  abbreviated  scientific  notation,  with  the 
exponent  of  10  following  the  comma. 
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latter  source  orientation  is  corroborated  by  the  average  and  variance  data,  despite  the  worse  agreement  between 
the  global  maxima. 


5  Conclusions 


The  overall  agreement  between  the  results  obtained  from  the  anahlical  solution  and  the  numerical  SPFD  code  is 
good.  The  differences  can  be  explained  in  terms  of  the  straightforward  implementation  of  the  SPFD  code.  The 
agreement  provides  a  degree  of  confidence  in  the  correctness  of  the  coding  of  the  numerical  model.  An  improved 
version  of  the  code,  based  on  conformal  voxels  for  example,  might  be  expected  to  provide  an  even  better  agreement. 
The  analytic  model,  extended  to  generaJ  source  orientations,  clearly  provides  a  useful  addition  to  the  limited  set 
of  three-dimensional  analytic  solutions  that  can  be  used  in  the  verification  of  numerical  electromagnetic  modelling 
codes. 
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Abstract:  In  this  paper  a  new  model  of 
laminated  iron  cores  for  numerical  field 
computations  considering  eddy  currents 
is  presented.  An  equivalent  core  with 
homogeneous,  but  anisotropic  constitu¬ 
tive  parameters  is  derived  analytically 
and  verified  numerically.  The  choice  of 
parameters  is  valid  for  all  frequencies, 
as  long  as  wave  propagation  can  be  ne¬ 
glected.  It  is  independent  of  core  width 
and  frequency,  which  allows  easy  time- 
domain  simulation. 


1  Introduction 

Realistic  magnetic  devices,  like  transformers  or 
sensors  often  have  laminated  cores  to  reduce 
eddy  current  losses.  Nevertheless,  in  many  cas¬ 
es  eddy  currents  have  an  influence  on  the  be¬ 
havior  of  the  devices  which  cannot  be  neglect¬ 
ed.  The  3D  numerical  simulation  of  laminated 
cores,  taking  into  account  eddy  currents,  re¬ 
quires  so  many  mesh  points  that  it  is  still  far 
too  time-costly. 

As  shown  in  [1],  a  laminated  core  can 
be  modeled  by  a  homogeneous  core  with 
anisotropic  constitutive  parameters,  which 
needs  much  less  mesh  points.  An  approach  was 
presented  how  to  determine  the  equivalent  con¬ 
stitutive  parameters. 

In  the  next  sections,  a  difl'erent  approach 


with  several  advantages  is  presented,  which  re¬ 
markably  improve  practical  applicability. 

2  Analytical  solution  with 
idealized  geometry 

Since  the  laminated  core  and  its  equivalent  ho¬ 
mogeneous  core  cannot  be  equivalent  in  every 
aspect,  the  most  relevant  one  for  the  design  of 
magnetic  devices  has  to  be  taken.  This  is  usu¬ 
ally  the  V-I  characteristic,  measured  at  a  coil 
around  the  core.  The  geometries  of  the  lami¬ 
nated  core  and  the  equivalent  core  are  shown 
in  Fig.  1.  For  both  geometries,  the  V-I  char¬ 
acteristic  is  calculated  and  compared. 

2.1  Simplifications 

To  make  an  analytical  solution  possible,  some 
simplifications  have  to  be  assumed.  First, 
only  a  2D-geometry  is  calculated  analytical¬ 
ly  which  means,  that  the  whole  geometry  ex¬ 
tends  from  —CO  up  to  oo  in  ^-direction.  A  real 
3D-geometry  in  simulations  has  to  be  built  by 
straight  parts. 

The  coil  around  the  core  is  modeled  by  a 
sheet  current.  Because  of  this  ideal  modeling, 
we  can  assume  that  all  flux  remains  within 
the  coil.  The  eddy  current  approximation  of 
Maxwell’s  equations  (D  >C  J)  is  used  and  the 
material  is  linear. 
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Figure  1:  Laminated  core  with  p  sheets,  and 
equivalent  homogeneous  core 

2.2  Calculation  of  homogeneous 
core 
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Figure  2:  Geometry  for  the  analytical  solution 
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The  fields  have  the  following  components 
and  dependencies; 


The  geometrj"  for  the  calculation  is  shown  in 
Fig.  2.  This  geometry  can  be  considered  as 
a  linear  system  with  an  impressed  sheet  cur¬ 
rent  as  input  quantity  and  the  induced  voltage 
in  a  loop  around  the  core  as  output  quanti¬ 
ty.  For  both  cores  the  response  to  a  unit  step 
function  is  calculated  and  compared.  This  was 
done  because  two  linear  systems  with  the  same 
unit  step  response  respond  equally  to  arbitrary 
time  functions  as  input  signal.  For  easier  calcu¬ 
lation,  not  an  ordinary  unit  step  function  was 
used,  but  the  function  depicted  in  Fig.  3. 

The  constitutive  equations  are: 


4(2:, 

Jy(x,y,t) 

0 


E^(x,y,t) 

Ey(x,y,t) 

0 


(3) 

(4) 

(5) 
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With  this  ansatz,  the  eddy  current  approxi-  with 
mation  of  Maxwell’s  equations  leads  to  the  fol- 

lowing  parabolic  differential  equation:  n.,  = _ -  (9) 

7r2(l  +  2f)(H-2fe) 


d^H  ,  d^H  _  ^ 


dy^ 


(1  +  2iy  Khx  +  (1  +  (5)  Khy 

aik  - - - — 

Mhz^hx^hy 

(10) 

The  magnetomotive  force  can  be  calculated 
by: 

I  I 

Vhom=  /  /  ^dxdy  (11) 

y=-tx=-f 


Figure  3:  Time  dependence  of  impressed  sheet 
current  used  as  excitation 
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Vh.„  =  f;  f;  (12) 

i=0  fc=0 


This  type  of  differential  equation  can  be 
solved  with  given  boundary  values  for  all  times 
and  starting  values  given  in  the  whole  area 
where  it  shall  be  solved. 

The  sheet  current  represents  an  ideal  coil. 
Therefore  we  can  assume  that  there  is  no  mag¬ 
netic  field  outside.  The  impressed  sheet  cur¬ 
rent,  together  with  CurlH  =  jF(<),  leads  to 
appropriate  boundary  conditions, 

A  look  at  Fig.  3  shows  that  i/|border  =  0 
for  f  >  0  is  valid  at  the  border  of  the  core. 
For  t  <  0,  we  have  a  stationary  problem  which 
leads  to  following  initial  condition: 

/f(N<f.M<5,*  =  o)  =  ff„  =  iF„  (7) 

Now  eq.  (6)  can  be  solved  with  separation  of 
variables: 


H(x,  2/,  t)  =  £  S  (“(1  +  2*)^) 

cos  (^(l  +  2fc)y)e-“«‘(8) 


_  (-1)‘-^*  ,131 

(l  +  2j)=(l  +  2A:)2-  ^  I 

2.3  Calculation  of  laminated 

core 

The  laminated  core  is  put  together  by  single 
plates.  For  each  single  plate  we  know  the  so¬ 
lution  already.  We  can  take  equations  (8),  (9), 
(10)  and  set  fihz  =  d  and  Khi  =  Khy  = 

The  sheet  current  does  not  need  to  be  located 
directly  on  the  surface.  We  assume  it  has  a  dis¬ 
tance  of  half  the  spacing  between  two  plates. 
This  does  not  change  the  boundary  conditions. 
The  solution  in  one  plate  is  given  by: 


H{x,  y,t)  =  YlYl  Afccos  (-(1  +  2i)a:') 

i=0ifc=0  ' 

cos  ^^(1  -f-  2k)y^  (14) 

with 


Dik  = 


16Ho{-iy+^ 

7r^(l  -i-  22)(1  4-  2fc) 


(15) 
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and  second, 


(l  +  2»)^(;)'  +  (l  +  2^f(f)^ 

IJLK  ^ 

Each  plate  has  a  magnetic  field  of  zero  out¬ 
side  the  sheet  current.  To  get  the  solution  of 
the  laminated  core  we  superpose  the  solutions 
of  the  single  layers.  Two  plates  are  brought  to¬ 
gether  in  a  way  that  the  sheet  currents  of  the 
single  plates  just  touch  each  other  and  com¬ 
pensate  themselves  between  the  layers.  Thus, 
a  sheet  current  around  the  whole  core  accrues. 
Such  a  proceeding  means  a  not  quite  justified 
superposition  of  boundary  conditions,  since  the 
electric  field  is  not  zero  outside  the  sheet  cur¬ 
rents  although  the  magnetic  field  is.  There¬ 
fore,  a  numerical  verification  of  the  result  will 
be  necessary. 

The  gaps  between  the  layers  are  quite  small 
and  the  relative  permeability  of  iron  is  much 
greater  than  one.  Therefore,  the  flux  through 
the  gaps  between  the  plates  can  be  neglected. 

2  2 

Vhom  =  P  J  j  Bdidy  (17) 


Mam  =  (18) 

^  i=0  *:=0 

2.4  Determination  of  equivalent 
parameters 

Now  Vhom  (eq.  12)  and  Viam  (eq.  18)  can  be 
set  equal  to  determine  jUhz,  Khxj  «hv  The  two 
voltages  are  equal  if 

Phz  =  (19) 

There  are  two  possibilities  for  the  choice  of 
Khx  and  Khy  First, 

^hx  —  ^  ^  J  )  (20) 


^hx  —  ^  I  .  J  ^  2  ’  (21) 

pod  pa^ 

The  second  choice  of  parameters  (21)  has 


the  disadvantage  that  it  depends  on  the  width 
a.  This  means  that  a  geometry  with  various 


widths  of  the  iron  core  hcis  to  be  split  up  in 


various  parts  with  different  constitutive  param¬ 
eters.  So  parameter  setting  (20)  should  be  pre¬ 
ferred.  Beyond,  it  can  be  interpreted  physical¬ 


ly- 


3  Interpretation 

For  very  small  air  gaps,  parameter  setting  (20) 
means  that  K^y  «  k,  whereas  /Chz  f^/p^-  (For 
parameter  setting  (21)  the  ratio  of  magnitudes 
is  converse.)  Fig.’s  4  and  5  insinuate  that  in  y- 
direction  in  both  cores  the  same  cross-section 
is  available  for  the  current.  Therefore  the  same 
conductivity  can  be  used  to  achieve  the  same 
voltage. 

In  rr-direction,  the  whole  current  is  restricted 
to  a  cross-section  of  half  the  thickness  of  one 
layer,  due  to  the  lamination.  In  the  equiva¬ 
lent  homogeneous  core  a  cross-section  of  b/2  is 
available.  To  compensate  this,  the  conductiv¬ 
ity  has  to  be  reduced  to  one  p-th.  Addition¬ 
ally,  the  current  flows  2p  times  through  this 
small  cross-section,  whereas  it  flows  only  twice 
through  the  bigger  cross-section  available  in 
the  homogeneous  core.  Thus  the  conductivi¬ 
ty  has  to  be  reduced  once  more  to  the  p-th. 

4  Numerical  verification 

The  practical  validity  of  the  parameter  set¬ 
tings  (20)  was  verified  with  the  W3  [3]  module 
of  MAFIA  [2],  a  numerical  field  analysis  tool 
which  solves  the  complete  Maxwell  equations 
in  frequency-domain.  For  all  simulations  the 
same  excitation  current  was  used.  The  induced 
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Table  1: 


BB8H8BBD 

Figure  4;  Imaginary  part  of  eddy  current  dis¬ 
tribution  in  a  laminated  core 


Figure  5:  Imaginary  part  of  eddy  current  dis¬ 
tribution  in  an  equivalent  homogeneous  core 

voltages  of  the  laminated  and  the  equivalent 
homogeneous  core  are  compared  for  different 
skin  depths  6.  Tab.  1  shows  the  relative  differ¬ 
ence  between  the  two  models.  The  geometry 
and  constitutive  parameters  are:  a  —  0.1m, 
b  =  0.069  m,  d  =  0.021m,  p  =  3,  =  500, 

K  =  10®S/m.  The  same  mesh  was  used  for 
each  of  the  two  calculations  to  be  compared, 
in  order  to  avoid  numerical  differences. 

The  parameter  settings  (20)  were  also  veri¬ 
fied  for  different  numbers  of  sheets  p.  The  re¬ 
sult  is  shown  in  Tab.  2  for  a  total  thickness 
b  —  0.1  m,  an  air  gap  of  3  mm  and  a  skin  depth 
of  <5  =  d/2.  The  other  geometry  and  constitu¬ 
tive  parameters  are  the  same  as  above. 


■ 

iSSBiia 

m 

0.06 

0.17 

m 

0.04 

0.18 

1 

-0.20 

0.17 

Table  2: 


0 

3 

0.20 

0.21 

Ql 

0.00 

0.19 

m 

0.2 

Further,  it  was  verified  for  different  total 
thicknesses  b.  The  relative  differences  are 
shown  in  Tab.  3.  The  other  parameters  are 
the  same  as  above. 


Table  3: 


i/mm 

t 

69 

0.04 

0.18 

85 

0.16 

0.20 

100 

0.20 

0.21 

The  second  parameter  setting  (21)  was  ver¬ 
ified  for  one  example  and  showed  exactly  the 
same  magnetomotive  force  than  the  simulation 
with  the  first  parameter  setting  (20). 

The  choice  of  model  parameters  (20)  was  al¬ 
so  applied  to  an  example  where  the  premis¬ 
es  for  the  derivation  are  strongly  violated.  A 
core  was  used  where  the  width  a  is  periodically 
widening  and  narrowing  in  ^-direction  (see  Fig. 
6).  The  2:,y-geometry  is  the  same  as  in  Fig.  1 
The  other  geometry  and  constitutive  parame¬ 
ters  are:  b  =  0.069m,  d  =  0.021m,  p  =  3, 
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fir  =  500,  K  =  10®  S/m.  The  simulation  was 
restricted  to  the  range  between  the  two  thick 
lines.  There  the  boundary  condition  Ht  =  0 
was  applied.  This  geometry  is  still  easy  enough 
to  simulate  also  the  laminated  core. 


Figure  6:  Geometry  of  example  where  premises 
for  derivation  are  strongly  violated 


Table  4: 


<5 

Itn(Vhom-Vi<m)  /  W 

d 

-11.07 

0.15 

d 

2 

-10.25 

0.16 

d 

4 

-9.07 

0.14 

Since  the  anal3diical  2D-solution  is  indepen¬ 
dent  of  fikx,  M/iy  and  Khz,  it  does  not  provide 
any  values  for  these.  There  are  good  reasons 
to  set  fihx  =  fJ-hz  and  fihy  =  fi,  but  Khz  remains 
undetermined.  For  this  simulation,  Khz  — 
was  taken. 

The  results  are  shown  in  Tab.  4.  The  relative 
differences  in  the  imaginary  parts  of  the  volt¬ 
ages  are  negligible,  since  it  is  mainly  influenced 


by  the  equivalent  permeability.  The  real  parts 
of  the  voltages,  representing  the  eddy  current 
losses  show  a  relative  difference  of  about  10  %. 
So  even  though  the  premises  are  more  strong¬ 
ly  violated  than  in  many  practical  applications, 
the  proposed  simulation  model  yields  useful  re¬ 
sults. 

5  Conclusion 

Replacing  a  laminated  iron  core  by  an  equiva¬ 
lent  homogeneous  core  with  anisotropic  consti¬ 
tutive  parameters  reduces  the  computational 
effort  for  eddy  current  simulations  significant¬ 
ly.  The  presented  simulation  model  has  some 
important  advantages.  First,  it  is  independent 
of  the  width  a,  which  is  good  for  varying  cross- 
sections.  Then,  the  parameter  setting  is  valid 
for  the  whole  frequency  range  (as  long  as  we 
can  neglect  wave  propagation).  Finally,  it  is 
also  independent  of  the  frequency,  which  is  a 
strong  advantage  for  time-domain  simulations. 
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Abstract 


Ion  shutters  commonly  have  dissatisfying  barring  characteristics.  Especially  an  ion  shutter 
used  in  ambient  air  has  considerable  zero  offsets  in  the  ion  current,  which  is  very  deranging 
if  the  current  signal  has  a  small  amplitude  at  the  outset.  The  aim  of  our  work  is  to  predict 
the  current  offset  and  to  present  a  powerful  tool  which  allows  to  optimize  the  geometry  of 
the  ion  shutter  interactively.  The  tool  is  not  limited  to  ion  mobility  spectrometry  but  it  will 
be  described  with  it. 

KEYWORDS;  Ion  mobility  spectrometer,  ion  shutter,  geometry  optimization,  cross  field  depen¬ 
dence. 


1  Introduction 

Ion  mobility  spectrometry  (IMS)  is  a  technique  for  the  detection  of  trace  gases  in  ambient  air.  The 
heart  of  an  IMS  cell  is  illustrated  in  figure  1.  The  ion  shutter  divides  the  cell  into  two  contiguous 


Figure  1:  Basic  structure  of  an  ion  mobility  spectrometer 


tubes:  on  the  left  the  reaction  tube  where  the  ionization  takes  place  and  on  the  right  the  drift 


547 


tube.  The  shutter  grid  normally  annihilates  the  ions  at  the  end  of  the  reaction  tube.  The  shutter 
consists  of  thin  wires.  It  is  periodically  opened  to  let  a  quantity  of  ions  drift  down  the  drift  tube. 
The  arriving  ions  are  converted  to  the  signal  current  by  the  detector.  An  amplifier  produces  an 
equivcilent  signal  voltage.  The  time  passed  from  the  opening  of  the  shutter  until  the  center  of  the 
pulse  arrives  at  the  detector  is  called  drift  time.  It  is  inversely  proportional  to  the  ion  mobility 
which  is  an  attribute  that  allows  to  discriminate  the  different  sorts  of  ions. 

The  amplitude  of  the  signal  contains  the  information  of  quantity  (of  trace  gas).  The  signal  is  made 
up  of  Gaussian  peaks  and  has  a  considerable  offset  which  is  caused  by  the  incomplete  annihilation 
of  the  ions  by  the  shutter  [1,2]. 

In  a  simple  model  one  can  determine  the  paths  of  ions,  following  the  gradient  of  the  potential. 
However  this  leads  to  no  offset  current  in  the  detector  signal  and  the  cutoff  voltage  would  depend 
on  the  strength  of  geometry.  If  we  neglect  the  Maxwell  distribution  of  the  velocities  within  a  gas 
we  can  give  an  estimation  of  the  maximum  of  the  grid  voltage  at  which  no  ions  can  pass  through: 

AV  <  26^drift 

AV  is  the  voltage  between  two  adjacent  grid  wires.  E’dnft  is  the  strength  of  the  electric  drift  field 
and  b  is  the  thickness  of  the  grid.  With  this  model  no  cutoff  voltage  can  be  found.  A  reasonable 
model  must  take  into  account  the  distribution  of  velocity  . 


2  Strategy 


To  obtain  the  characteristic  of  the  shutter  we  proceed  in  three  main  steps: 

1.  With  the  commercial  finite  volume  integration  program  MAFIA  [3]  the  field  calculation  is 
performed.  MAFIA  has  no  limitation  in  mesh  points.  The  geometry  data  is  changed  easily 
which  is  important  for  the  study  of  the  influence  of  the  geometry  on  the  characteristic  of 
the  shutter. 

2.  The  field  data  taken  from  MAFIA  are  post-processed  for  the  following  particle  simulation. 

3.  Afterwards  the  particle  simulation  is  started.  The  number  of  annihilation  of  ions  is  counted 
separately  for  any  material.  Any  particle  path  can  be  traced. 

The  modular  structure  allows  us  to  compare  different  strategies. 


3  Field  Calculation 


We  perform  the  field  calculation  using  the  measurements  shown  in  figure  2.  In  a  resistant  layer 
encasing  the  drift  tube  is  a  constant  current.  Therefore  boundary  condition  curlE  =  0  at  the 
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Figure  2:  Measurements  for  field  calculation 


tube  wall  enforces  steady  tangential  component  of  the  electric  field.  It  keeps  the  inner  field  nearly 
homogeneous.  Particularly  the  inhomogeneity  in  the  electrode  direction  can  be  neglected. 

The  different  dimensions  of  the  shutter  grid  (^m)  and  the  reaction  tube  (cm)  requires  already 
150,000  mesh  points. 


Figure  3:  Contour  plot  of  the  IMS  at  0  and  ±30  Volts,  respectively 


The  field  calculation  is  done  on  a  DEC  Alpha  200  workstation,  166  MHz,  128  MByte  RAM. 
Depending  on  the  required  accuracy  the  computation  time  is  about  half  an  hour.  We  compute 
the  field  distribution  varying  the  grid  voltage  from  0  Volt  to  ±  30  Volts  in  steps  of  2.5  Volts. 


Figure  4:  Detailed  Contour  plot  of  shutter  grid  at  0  and  ±30  Volts,  respectively 
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Figure  5:  Detailed  Field  plot  of  the  IMS,  of  shutter  grid  at  0  and  ±30  Volts,  respectively 


The  voltage  is  understood  as  difference  between  the  potential  of  the  grid  wire  and  the  potential 
corresponding  to  the  location.  The  results  are  shown  in  figures  3,  4,  5.  The  gray  parts  symbolize 
the  insulation  and  the  drift  tube  walls  (^r  =  5.1).  Figure  4  is  a  detailed  contour  plot  at  the  fit  of 
the  tubes  and  figure  5  shows  the  electric  field  vectors  at  the  same  location. 


4  Particle  Simulation 


The  simulation  starts  by  emitting  a  given  amount  of  ions  from  an  ion  source  in  the  reaction  tube 
near  the  shutter  by  so-called  ’’source  materials”.  We  restrict  the  simulation  area  to  a  small  region 
around  the  shutter  (shown  in  fig.  6)  in  order  to  limit  the  computation  time. 

The  advanced  model  uses  statistic  distribution  of  the  following  variables  in  order  to  form  a  rea- 
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Figure  6:  Geometric  model  used  for  particle  simulation 


sonable  model: 

•  the  velocity  of  the  ions  (Maxwell  distribution), 

•  the  initial  direction  of  the  molecules  (homogeneous  distribution), 

•  the  distance  between  two  collisions  (free  path). 


Figure  7:  Model  used  for  particle  simulation 


This  enables  us  to  calculate  the  paths  of  the  ions  considering  the  statistic  distribution.  An  ion 
having  hit  the  wall  or  shutter,  so-called  "dump  materials”,  is  treated  like  a  neutral  gas  molecule 
thereafter.  The  number  of  ions  hitting  the  wall  is  registered  for  every  dump  material  of  the  device 
(detector,  shutter  and  tube  walls).  Otherwise  the  computation  follows  the  flow  chart  in  figure  7. 
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5  Results 


The  following  table  shows  some  parts  of  our  results  of  the  simulation.  The  source  emitted  300,000 
ions.  The  potential  difference  of  the  drift  field  is  1200  Volts. 


measurements  of  shutter  (see  fig.  2) 

15/45/im 

30/30^m 

AV 

detector 

shutter 

detector 

shutter 

annihilation 

annihilation 

annihilation 

annihilation 

in  V 

rate  in  % 

rate  in  % 

rate  in  % 

rate  in  % 

0.0 

44.89 

55.10 

28.97 

61.12 

2.5 

37.77 

62.20 

19.77 

80.22 

5.0 

27.22 

72.77 

6.24 

93.75 

12.32 

87.67 

1.32 

98.66 

1.43 

98.56 

0.38 

99.60 

12.5 

0.00 

99.99 

|||[|||||||H 

99.99 

0.09 

99.90 

0.12 

99.88 

20.0 

0.02 

99.97 

0.06 

99.94 

25.0 

0.02 

99.98 

0.04 

99.96 

AV  is  the  difference  between  a  shutter  wire  and  the  potential  corresponding  to  the  location  of 
the  shutter  in  the  drift  field.  The  minimal  difference  between  the  sum  of  the  annihilation  rates 
for  the  shutter  and  the  detector  and  100%  makes  the  rate  of  ions  annihilated  by  the  tube  walls. 
As  expected  the  grid  with  the  higher  space  filling  has  a  lower  pass  through. 

We  found  a  minimum  of  ions  passing  through  the  shutter  unexpectedly  not  at  the  end  of  the 
voltage  range  but  at  12.5  Volts.  Our  results  confirm  to  experimental  results  measured  by  the 
industrial  partner  Daimler-Benz  R&D  in  Munich/Germany. 

Figure  8  shows  the  paths  traced  by  the  program.  The  edges  are  a  result  of  a  new  dice  of  velocity 
and  direction. 
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Figure  8:  Paths  of  ions  at  OV  and  30V,  respectively 

6  Conclusion 

We  have  presented  a  new  simulation  strategy  which  allows  the  computation  of  paths,  gain  of  ions 
and  forecasts  of  the  barring  characteristics  of  the  ion  shutter.  Thus  it  is  possible  to  optimize 
the  geometry  and  the  voltage  amplitudes  of  the  ion  shutter  grid  before  manufacturing.  The 
software  interfacing  MAFIA  compatible  data  format  replaces  time  and  money  consuming  series 
of  prototypes. 

The  presented  tool  is  a  part  of  a  comprehensive  simulation  tool  for  the  complete  ion  mobility 
spectrometer,  computing  paths  and  gain  of  ions  from  their  generation  to  their  annihilation  on  the 
detector  or  as  a  loss  at  the  tube  walls. 
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STABILITY  ANALYSIS  OF  RE-ENTRANT  MULTI-TURN  TOROIDAL/HELICAL 
ELECTRON  ORBITS  IN  STRONG-FOCUSING  ALTERNATING-GRADIENT  MAGNETIC 

FIELDS. 

Ross  A.  Speciale 
Redondo  Beach,  California 
polytope@fnsn.  com 

A  new,  rather  revolutionary  type  of  High  Power  Microwave  (HPM)  Source,  presently  under 
development,  synergistically  combines  the  basic  principles  of  the  Relativistic  Klystron  Amplifier 
(RKA)  with  those  of  Electron  Storage  Rings  [1]. 

This  new  type  of  electron  device  simultaneously  performs  the  functions  of  a  High  Power 
Microwave  Amplifier,  and  of  a  Frequency  Multiplier,  by  circulating  a  sharply-bunched  Intense 
Relativistic  Electron  Beam  (IREB)  along  a  re-entrant,  multi-turn,  toroidal/helical  orbit,  each 
orbit  turn  being  separately  guided  and  strongly-focused  by  an  Alternating-Gradient  (AG) 
magnetic  field  (Figure  1). 

The  new  High  Power  Microwave  Amplifier  attains  very  high  efficiency,  by  performing  100 
%  beam-energy  recovery  after  microwave-power  extraction,  is  suited  to  high  duty-cycle 
applications,  and  exhibits  high  spectral  purity,  because  of  the  well-known  phase-stability  of  the 
electron  orbital  motion  in  storage  rings. 

A  guiding  magnetic  field  has  been  designed  that  admits  a  specified,  re-entrant,  multi-turn, 
toroidal/helical  electron  "equiIibrium-orbit*\  defined  by  the  parametric  equation  ; 

r((p,e  )  =  x((p,e  )-/+>’((p ,0)-y+z((p,e  )-k  (i) 

where  (p  is  the  azimuth  angle  around  the  torus  axis,  0  is  the  helical  wrapping  angle  "  around  the 
*'body"  of  the  torus,  and  the  three  Cartesian  components  of  the  position-vector  r  are  given  by  : 


{  R-\-r  cos6  )  coscp 

(2) 

(  +  r  COS0  )sin(p 

(3) 

r  sin6 

(4) 

while  the  linear  relation  between  the  angles  (p  ,  and  0  is  determined  by  the  integer  number  n  of 
re-entrant  turns  : 
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The  integer  n  in  (5)  is  the  minimum  number  of  turns  around  the  torus  axis  that  brings  the 

re-entrant,  multi-turn  equilibrium  orbit  to  close  on  itself,  while  it  is  ^  ^(p  ^2  n  7l  . 

The  stability  of  the  actual  electron  motion,  in  the  vicinity  of  the  equilibrium  orbit,  is  being 
analyzed  in  a  moving,  Cartesian  reference  frame  that  follows  the  ^'equilibrium-electrons"^  by 
simultaneously  rotating  around  the  torus  axis  ,  and  around  its  "body".  This  rotating,  right- 
handed,  Cartesian  reference  frame  has  its  Z-axis  tangent  to  the  toroidal/helical  equilibrium  orbit 
and  oriented  in  the  direction  of  electron  motion,  while  the  X-axis  is  directed  outward  of  the 

torus,  along  its  minor  radius  T. 

A  relativistically-covariant  Hamiltonian  formulation  of  the  electronic  oscillatory  motion  [2  , 
3],  about  the  equilibrium  orbit  in  the  directions  of  the  three  axes  of  the  rotating  reference  frame, 
is  being  developed  assuming  the  presence  of  an  appropriate  azimuthally  periodic  strong- 
focusing  magnetic  field,  with  a  gradient  that  alternates,  around  the  torus,  in  the  directions  of 
both  the  X,  and  Y  axes  of  the  moving  reference  frame. 

This  relativistically-covariant  formulation  involve  the  time  and  space  coordinates  in  a 
completely  symmetric  way,  so  that  any  of  them  can  be  selected  as  the  independent  variable. 

In  a  time-independent  magnetic  field  the  analysis  is  considerably  simplified  by  selecting  the 
azimuth  angle  (p  (around  the  torus  axis)  as  the  independent  variable  of  the  motion. 
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1.  Introduction 

Many  applications  require  radiation  of  a  very  short,  ultrawide-bandwidth  pulse  of  electromagnetic 
energy  out  to  large  distances.  These  applications  include  radar  target  detection  in  a  cluttered  environ¬ 
ment,  such  as  targets  close  to  the  sea  surface  or  hidden  by  foliage,  and  radar  target  identification  by 
means  of  high  resolution,  for  targets  such  as  military  vehicles  or  buried  objects.  Short  pulses  for  which 
the  ratio  between  the  highest  and  the  lowest  ft'equencies  in  the  spectrum,  at  the  -3  dB  points,  are  of  the 
order  of  100: 1  without  dispersion  are  often  desirable.  To  radiate  such  an  ultra-wide-bandwidth  pulse,  a 
TEM  horn  can  be  used. 

Since  a  TEM  horn  can,  for  the  lowest  frequencies,  be  modeled  as  a  transmission  line,  it  presents  an 
open  circuit  for  the  low-frequency  part  of  the  pulse  [1].  As  a  result,  a  large  part  of  the  pulse  energy  may 
be  reflected  towards  the  source  and  may  damage  it.  A  remedy  is  to  connect  a  resistive  termination  to  the 
horn,  so  that  it  will  no  longer  act  as  an  open  circuit  a  low  frequencies.  The  shape  of  this  termination  is 
important,  as  it  significantly  affects  low-frequency  performance  [2].  It  is  possible,  by  careful  design,  to 
double  the  low-frequency  radiation  in  the  forward  direction  and  cancel  it  in  the  backward  direction. 

In  section  2  of  this  paper,  the  design  of  the  low-frequency  compensation  is  presented.  As  we  were 
concentrating  on  the  lowest  frequencies,  a  method-of-moments  code  for  electrostatics  was  used.  In  sec¬ 
tion  3,  results  of  NEC-2  simulations  for  low  and  intermediate  frequencies  are  discussed-  With  NEC-2, 
antenna  patterns  could  be  obtained  successfully.  However,  the  antenna  impedance,  an  important  param¬ 
eter  in  any  antenna  design,  could  not  be  obtained  for  the  low  frequencies,  while  intermediate-frequency 
results  were  questionable.  As  is  outlined  in  section  4,  however,  with  Ansoft’s  finite-element  code  High- 
Frequency  Structure  Simulator  (HFSS)  the  author  has  been  able  to  obtain  the  desired  data. 

2.  Design  of  the  low-frequency  compensation 

For  low  frequencies  (wavelength  much  larger  than  antenna  dimensions),  the  TEM  horn  will  have 
poor  impedance  matching  to  the  transmission  line.  As  a  consequence,  most  of  the  power  will  be 
reflected  toward  the  source  and  may  damage  it.  Further,  the  radiation  pattern  of  a  TEM  horn  will  be 
similar  to  that  of  a  small  dipole:  a  doughnut-shaped  pattern,  in  which  the  hom  radiates  just  as  much 
power  backwards  and  sideward  as  it  does  in  the  forward  direction.  In  order  to  eliminate  reflections 
back  into  the  source,  a  resistive  termination  can  be  added  to  the  hom.  This  termination  should  close  the 
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current  loop  and  provide  a  matched  load  to  the  transmission  line.  The  shape  of  the  resistive  termination 
is  important,  as  it  significantly  affects  the  low-frequency  radiation  pattern.  A  current 
frequencies,  a  magnetic  dipole  moment  tn  to  the  existing  electnc  dipole  moment  p.  When  the  magni¬ 
tudes  are  matched,  such  that  linl=clpl,  the  antenna  will  have  a  cardiotd  Vienna  patterri  “ 
tion  and  no  radiation  in  the  -pxm  direction.  Of  course,  the  loop  should  be  designed  m  a  way  tha 
the  cardioid  beam  points  in  the  forward  direction  and  that  the  radiation  m 

zero.  Fig.  2.1  depicts  a  basic  design  that,  when  the  dimensions  are  chosen  properly,  will  achieve  the  fol 


lowing  objectives: 

•  Matched  impedance  for  low  frequencies 

•  Good  directivity  for  low  frequencies 

•  Large  radiation  bandwidth 


¥ic,  2.1.  Basic  design  of  a  TEM  hom  with  low-frequency  compensation 


The  actual  low-frequency  compensation  was  designed  with  the  Method  of  Momenc  for  electro¬ 
static  fields,  as  explained  by  Harrington  [3],  First,  the  shape  of  the  structme  and  the 
resistors  were  specified.  Then,  given  the  voltage  distribution,  the 
the  Method  of  Moments.  From  this,  the  electric  dipole  moment  can  be 

moment  follows  from  the  current  and  the  loop  area  In  an  iter«tve  A  m“re 

and  the  distribution  of  the  resistors  were  varied  until  Uie  matchmg 

detaUed  description  of  the  method  and  of  various  designs  is  presented  m  4].1he  find  design  ^  d  p 
in  Figure  2.2.  It  is  a  design  with  a  finite  ground  plane  instead  of  a  complete  hom,  as  this  is  the  kind  o 

antenna  that  was  to  be  built  after  the  analysis. 
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side  view 


Fig.  2.2.  The  final  design 


In  this  final  design,  the  dimensions  are  as  follows:  The  aperture  is  50  cm  high  and  50  cm  wide.  The 
distance  from  the  apex  to  the  aperture  is  137  cm.  The  ground  plane  extends  175  cm  in  front  of  the  apex 
and  has  a  maximum  width  of  150  cm.  The  compensating  loop  runs  52.5  cm  above  the  ground  plane  and 
10  cm  behind  the  apex.  The  value  of  R  is  240  Ohm.  The  antenna  pattern  at  5  MHz,  calculated  by  Ansoft 
HFSS  (to  be  discussed  in  section  4)  is  shown  in  Figure  2.3. 

0 


Fig.  2.3.  Antennapattem  at  5  MHz  for  the  horn  with  low-frequency  compensation 
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The  final  design  could  just  as  well  be  constructed  with  one  or  two  wires  and  an  appropriate  resistor 
distribution.  The  reason  for  the  present,  more  complicated  design  is  the  following:  Fields  traveling  in 
the  region  between  the  antenna  plate  and  the  loop  will,  in  this  design,  be  traveling  in  a  structure  that 
looks  like  a  receiving  TEM  horn  with  a  matched  load.  Hence,  they  will  be  absorbed  by  the  load  instead 
of  radiating  in  unwanted  directions.  This  improves  the  antenna  directivity. 

3.  NEC‘2  results 


Having  obtained  a  design  that  meets  the  requirements  in  the  low-frequency  limit,  it  is  desirable  to 
investigate  its  behaviour  in  the  intermediate-frequency  region.  In  this  case,  the  intermediate-frequency 
region  is  considered  to  range  roughly  from  15  MHz  to  600  MHz.  At  the  low  end,  the  antenna  size  is 
about  one-tenth  of  a  wavelength,  and  the  front-to-back  ratio,  defined  as  the  ratio  of  the  powers  in  the 
forward  and  backward  directions,  is  better  than  10  dB.  At  the  high  end,  the  aperture  is  one  wavelength 
high  and  wide,  and  the  antenna  pattern  is  showing  clear  high-frequency  characteristics:  a  forward  point¬ 
ing  beam  with  the  sidelobes  more  than  10  dB  down. 

The  antenna  with  the  compensating  loop  has  been  modeled  in  NEC-2  with  a  wire  mesh.  The  guide¬ 
lines  described  by  Moore  and  Pizer  [5]  for  constructing  a  wire  mesh  have  been  taken  into  account.  For 
the  lower  frequencies,  the  number  of  segments  was  about  550,  for  the  higher  frequencies  is  was  about 
2200.  Because  of  symmetry,  only  half  of  the  antenna  needed  to  be  modeled.  Computation  times  on  a 
Sun  Sparc-2  workstation  were  a  few  minutes  per  frequency  point  for  the  coarser  mesh  and  a  few  hours 
per  frequency  point  for  the  finer  mesh.  The  largest  job  needed  50  Mbyte  of  RAM.  The  front-to-back 
ratio  as  a  function  of  frequency,  calculated  with  NEC-2,  is  presented  in  figure  3.1.  A  more  elaborate 
presentation  of  the  NEC-2  results  can  be  found  in  [6]. 
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As  is  pointed  out  by  Moore  and  Pizer  [5],  the  values  calculated  by  NEC-2  for  the  individual  cur¬ 
rents  in  the  wire  segments  cannot  be  trusted.  Sometimes  loop  currents  are  observed  that  have  no  physi¬ 
cal  meaning.  Therefore,  NEC-2  near-field  results  can  be  meaningless,  while  far-field  results  are  still 
okay,  because  the  errors  tend  to  integrate  out.  As  a  consequence,  antenna  patterns  computed  by  NEC-2 
are  likely  to  be  accurate.  Two  patterns  will  be  presented  in  the  next  section,  together  with  finite-element 
results.  The  antenna  impedance  from  NEC-2,  however,  can  be  very  inaccurate.  In  principle,  the 
antenna  impedance  can  be  calculated  from  the  transmission  line  impedance  and  the  S  parameter.  As 
currents  in  individual  segments,  as  calculated  by  NEC,  including  the  segments  in  the  source  region,  can 
be  very  inaccurate,  the  S  parameter  cannot  be  determined.  The  inaccuracies  in  individual  currents  have 
indeed  been  observed,  especially  for  frequencies  below  45  MHz. 

4.  Ansoft  HFSS  results 

The  TEM  horn,  with  and  without  low-frequency  computation,  has  been  modeled  with  Ansoft’s 
finite-element  software  package  HFSS.  Thin  metal  plates  have  been  modeled,  as  two-dimensional 
objects,  so  that  the  entire  structure  can  be  meshed  more  efficiently.  In  HFSS,  the  radiation  boundary,  or 
absorbing  boundary,  can  be  placed  at  only  a  fourth  of  a  wavelength  from  the  antenna,  and  can  be  con¬ 
forming  to  the  antenna  shape.  This  is  an  enormous  advantage  over  finite-element  packages  in  which  the 
radiation  boundary  has  to  be  spherical  or  more  than  a  quarter  wavelength  away  from  the  antenna.  The 
mesh  generator  generates  the  mesh  without  user  interference,  and  refines  the  mesh  iteratively  in  regions 
where  this  is  necessary.  This  is  determined  by  the  software  itself  by  evaluating  the  field  solutions  that 
are  obtained.  The  user  can  set  a  maximum  number  of  iterations  and  a  convergence  criterion  for  the  S 
matrix.  When  the  solution  has  reached  the  desired  accuracy,  HFSS  can  perform  a  fast  frequency  sweep 
over  a  user-specified  frequency  range.  This  fast  frequency  sweep  is  based  on  a  reduced-order  pole-zero 
model,  and  can  provide  approximate  solutions  for  a  wide  range  of  frequencies  without  having  to  solve 
the  problem  for  each  desired  frequency  point.  Depending  on  the  problem  at  hand,  the  fast  frequency 
sweep  easily  reduces  the  computation  time  by  an  order  of  magnitude  or  more. 

In  order  to  check  results  from  HFSS,  front-to-back  ratios  and  antenna  patterns  as  calculated  by 
HFSS  have  been  compared  to  those  calculated  by  NEC.  The  agreement  is  good.  Figure  4.1  shows  the 
pattern  at  45  MHz;  Figure  4.2  shows  the  pattern  at  1 10  MHz.  Note  that  these  patterns  are  very  different 
from  both  the  behaviour  at  the  low-frequency  end  and  that  at  the  high-frequency  end. 

From  a  calculated  field  solution,  HFSS  also  determines  the  S  matrix,  which  in  this  case  is  just  one 
parameter.  From  the  fields  in  the  driving  transmission  line,  HFSS  calculates  the  transmission-line 
impedance.  From  these  two  quantities,  the  antenna  input  impedance  is  determined.  Results  are  pre¬ 
sented  in  Figures  4,3  and  4.4. 

Note  that  the  S  parameter  at  the  lowest  frequencies  is  one  for  the  horn  without  compensation  while 
it  is  close  to  zero  for  the  horn  with  compensation.  This  arises  from  the  fact  that  in  the  horn  without  com¬ 
pensation  all  of  the  low-frequency  power  is  reflected  towards  the  source,  while  in  the  horn  with  com¬ 
pensation  it  is  not  reflected  at  all,  but  mostly  absorbed  by  the  resistors.  What  is  not  absorbed  by  the 
resistors  is  radiated  in  the  forward  direction,  as  shown  in  Fig.  2.3.  The  impedance  of  the  horn  with  com¬ 
pensation  is  120  Ohms,  which  means  it  is  perfectly  matched  to  the  transmission  line,  while  the  imped¬ 
ance  of  the  horn  without  compensation  is  extremely  high,  reflecting  the  fact  that  the  horn  provides  an 
open  end  to  the  transmission  line.  In  fact,  this  open  end  is  a  capacitance. 
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Fig.  4,1.  Antenna  pattern  at  45  MHz.  Solid  line:  HFSS,  dotted  line:  NEC 
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at  1 10  MHz.  Solid  line:  HFSS,  dotted  line:  NEC 


Fig.  4.2.  Antenna  pattern 
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Fig.  4.3.  S  parameters  for  the  horn  with  and  without  compensation 


800 

TOO 

600 

SCO 

400 

300 

200 

too 

0 

Fig.  4.4.  Input  impedances  of  the  horn  with  and  without  compensation 
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With  increasing  frequency,  the  S  parameters  of  the  hom  with  and  without  compensation  approach 
each  other,  and  above  110  MHz  they  both  decrease,  reflecting  the  fact  that  for  hrsher  f^^"^ 
horns  become  good  radiators,  and  the  presence  of  the  compensation  does  not  mate 
anymore.  As  an  example  of  the  results  above  200  MHz,  in  the  frequency  range  fro>n  400  'o  600  MHz 
the  S  parameter  for  the  antenna  with  compensation  decreases  monotomcally  from  0.20  to  0. 11 . 

For  both  horns ,  we  notice  minima  in  Z  at  48  and  144  MHz,  and  a  ^ak  at  96  At  the  immm 
the  field  that  is  reflected  back  into  the  transmission  line  has  reversed  its  ^ “ 

field  at  the  antenna  apex,  and  the  antenna  partly  behaves  as  a  short  with  low  impedance^  At  the  ^ak  tte 
field  that  is  reflected  has  the  same  phase  as  the  driving  field  at  the  antenna  apex,  md  the  antenna  p  y 
behaves  as  an  open  circuit.  Note  that  the  hom  with  compensation  has  a  better-behaved  impedmce, 
the  osciUations  are  smaller,  With  increasing  frequency,  the  maxitra  and  mi^a  J 

nounced,  as  the  antenna  radiates  a  larger  fraction  of  the  input  power.  For  example,  the  ™P"4mc"  rf'he 
hom  with  compensation  has  a  maximum  of  179  Ohms  at  430  MHz  a  “rnumum  of  84  Oh^  at  483 
MHz.  The  next  oscillation  shows  a  smaller  maximum  of  158  Otas  at  537  MHz  and  a  8 
of  98  Ohms  at  59 1  MHz.  At  higher  frequencies,  this  oscillation  is  expected  to  become  a  sm 
tion  around  an  impedance  that  is  very  close  to  the  transmission-line  impedance.  ^0“  'hat  the  ma 
and  minima  are  spaced  by  48  to  53  MHz.  A  frequency  of  50  MHz  c^esponds  to  a  f^e-space  wa«^ 
length  of  6.0  m.  A  quarter  wavelength  is  1.50  m  for  this  frequency.  This  is  close  to  the  length  of  the 
antenna  plate,  which  is  1.46  m. 

It  is  expected  that  the  Ansoft  HFSS  results  for  the  antenna  impedance  soon  be  “'npared  to 
measurement  results  produced  by  the  US  Ak  Force  Phillips  Laboratory  at  Kirtland  Air  Force  Base, 
New  Mexico,  where  this  antenna  has  been  built. 

Finally  the  typical  computation  time  and  memory  requirement  for  this  kind  of  simulation  are  as 
follows.  With  21000  tetrahedra,  the  CPU  time  for  the  solution  process  is  just  under  8  hours  on  an  HP 
9000  workstation.  During  the  computation,  HFSS  uses  200  Mb  of  RAM  and  500  Mb  “f  disk  space.  In 
these  simulations,  the  symmetry  of  the  antenna  has  not  been  used  to  reduce  the  number  of  elements. 
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Abstract 

A  new  absorbing  boundary  condition(ABC)  is  developed  that  allows  the  boundary 
to  be  very  close  to  the  scatterer.  The  boundary  condition  is  a  modification  of  the  Mei  meth¬ 
od  enabling  it  to  be  applied  to  the  finite  element  method  using  variational  principles.  It  is 
very  efficient  since  it  retains  the  sparsity  of  the  finite  element  matrix  equation.  The  proce¬ 
dure  is  applied  to  a  number  of  scattering  problems  and  the  results  compared  with  that  of  the 
pure  moment  method  and  the  hybrid  moment  finite  element  method,  and  with  that  obtained 
by  using  modal  expansion  ABC’s.  We  show  that  the  solutions  obtained  by  using  the  mod¬ 
ified  Mei  method  are  very  accurate  even  when  the  boundary  is  close  to  the  scatterer  and  are 
better  than  the  solutions  obtained  by  modal  expansion  ABC’s. 
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I.  Introduction 

To  solve  electromagnetic  scattering  problems  with  the  finite  difference  or  the  finite 
element  method,  the  solution  region  must  be  truncated  to  a  finite  size.  An  artificial  bound¬ 
ary  condition  that  models  the  behavior  of  the  field  extending  to  infinity  is  placed  on  the  out¬ 
er  boundary  of  this  finite  region.  This  artificial  boundary  condition  is  sometimes  an 
absorbing  boundary  condition  or  ABC  [l]-[5].  When  this  procedure  is  correctly  applied, 
the  solution  inside  the  truncated  region  is  the  same  as  if  the  entire  problem  were  solved, 
except  that  it  is  directly  computed  only  inside  the  truncated  region.  In  effect,  one  has  taken 
a  picture  of  fields  around  the  scatterer;  for  this  reason,  the  artificial  boundary  is  sometimes 
called  a  picture  frame  boundary  [6]. 

Although  many  procedures  exist  for  introducing  absorbing  boundary  conditions  on 
the  picture  frame  boundary,  most  of  these  give  poor  results  if  the  boundary  is  close  to  the 
scatterer.  Prouty,  Mei,  Schwarz  and  Pous  have  recently  introduced  a  new  method  called  the 
Measured  Equation  of  Invariance  or  the  Mei  method  [7]  that  allows  the  boundary  to  be 
placed  very  close  to  the  scatterer.  The  results  obtained  by  Mei  method  are  very  close  to  the 
results  obtained  by  using  exact  methods.  It  is  also  very  efficient  since  it  maintains  the  spar¬ 
sity  of  the  resulting  matrix  equation. 

The  Mei  procedure  is  specifically  designed  to  work  with  the  finite  difference  meth¬ 
od.  In  this  paper,  this  procedure  is  modified  to  work  with  the  finite  element  method.  Since 
the  finite  element  method  allows  irregular  boundaries  to  be  modeled  more  easily  than  does 
the  finite  difference  method,  the  modified  Mei  method  present  here  provides  more  flexibil¬ 
ity  for  modeling  complicated  geometries  than  does  the  original  Mei  approach. 

The  results  presented  here  are  compared  with  results  obtained  by  using  the  moment 
method  and  the  hybrid  moment  -  finite  element  method,  and  with  results  obtained  by  using 
modal  expansion  absorbing  boundary  conditions  [8]. 

II.  Formulation 

n.l  The  Mei  Method 

This  paper  considers  the  solution  of  the  wave  equation 

+  =  0  inQ  (1) 

where  a  is  a  two  dimensional,  unbounded  region  and  O  represents  for  TM  waves  and  H. 
for  TE  waves.  In  the  finite  difference  method,  equation  (1)  is  replaced  by  a  matrix  equation 
for  point  values  of  the  field  <t)  on  a  finite  difference  grid.  The  basic  idea  of  the  Mei  method 
is  to  assume  that  a  linear  relationship  exits  between  the  field  values  at  nearby  nodes  on  a 
finite  difference  grid 
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(2) 


Xc,-a>  =  0 

i=  1 

By  specifying  n  linearly  independent  but  otherwise  arbitrary  solutions  to  the  original  prob¬ 
lem,  the  coefficients  Cj  are  determined.  These  coefficients  may  then  be  used  to  solve  the 
scattering  problem  for  any  excitation. 

In  the  Mei  method,  a  basis  of  solutions  for  (1)  is  provided  by  assigning  the  current 
on  the  surface  of  the  scatterer  T  to  be  a  set  of  independent  functions.  For  example,  as  in¬ 
dicated  in  Figure  1  we  may  assign  the  current  on  the  surface  of  an  arbitrary  cylinder  as  the 
sequence 

JJt)  =  |sin(^^^^jan^^/orcosj^^^j|  (3) 

where  t  is  the  parametric  coordinate  around  the  boundary  F  and  T  is  the  total  distance 
around  the  cylinder.  The  field  at  node  n  produced  by  the  current  JJt)  is  given  by  the  inte¬ 
gral 


Kn  =  jG(t,f)JJf)df  '  (4) 

r 

where  G(t,t’)  is  the  appropriate  Green’s  function.  Equation  (4)  is  used  in  combination  with 
equation  (2)  to  generate  an  n  by  n  system  of  equations  for  the  coefficients  c,-. 

In  the  finite  element  method,  equation  (1)  is  replaced  by  the  variational  principle 


F(C))  =  -jVO- + 


(5) 


where  (5)  over  an  open  region,  we  need  to  find  the  relationship  between  the  field  ^  and  its 
normal  derivative  dO/dn . 

By  analogy  with  the  Mei  method,  we  assume  that  linear  relationship  exists  between 
the  normal  derivative  of  the  field  at  a  node  and  the  nearby  nodes 


(6) 


Given  the  current  distribution  7^,  it  is  straightforward  to  compute  O  and  d^/dn  at  node  n 


=  4>1„ 


(7) 


dn 


7  dn 


Jjndf 


(8) 


The  implementation  described  here  uses  second  order  finite  elements  to  approxi¬ 
mate  the  field.  As  explained  below,  four  points  are  used  to  approximate  the  denvative  in 
equation  (6).  The  locations  of  these  points  are  indicated  in  Figure  2.  For  example,  at  node 
2  the  derivative  of  the  field  is  expressed  as 


+  (9) 

where  i,  i=l,  2,...4  are  the  field  values  evaluated  at  node  i  in  Figure  2.  Similar  equations 
apply  at  the  other  nodes.  Using  four  different  metrons  in  equation  (9)  results  in  a  matrix 
equation 

CjOj  J  +  C2<&12  +  ^3^13  +  =  ^12 

C1621  +  C2^22  ^3*^23  •'4^24  ~  ^22 

C]<t>3j  +  ^2^32  +  <^3^33  ^4^34  =  ^32 

^1^41  +  ^2^42  +  ^3^43  +  ^4^44  =  -^42 

which  may  be  used  to  solve  for  the  coefficients  Ci,  i=l,...,4.  This  procedure  is  repeated  for 
each  boundary  segment.  Hence,  each  boundary  point  has  a  unique  set  of  coefficients  c,-, 
i=l,2,...,4. 


n.2  Evaluating  the  Derivatives 

The  derivative  values  are  evaluated  separately  for  TM  and  TE  waves.  Let  (x,y) 
be  a  point  on  the  boundary  and  (x’  ,y’)  be  a  point  on  the  scatterer  surface,  as  shown  in  Figure 
1. 

ForlMwaves,  G(t,t')  =  -  .  It  follows  that 

=  -  '^jnf\'‘\r-r'\)JJf)dl'  (11) 

r 

where 
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|r-r1  =  -/(x-xf +  (>-yf 


(12) 


The  normal  derivative  of  O  is  given  by 


mn 


■ 

■  f- 


We  have  that 


and 


a<'():|r-r1)_  ...air-r'l 


dn 


=  -  kHY\k\r-r'\)': 


dn 


=  V(lr-r1).n 


(13) 


(14) 


(15) 


=  +  (cosve^+  sm  (16) 

where  e^.  and  e^.  are  the  unit  vectors  in  the  x  and  y  directions  respectively. 

Thus,  we  have 

where  v  is  defined  in  Figure  1. 

For  TE  waves,  the  field  is  represented  by 


■VxjG(t,r)Jit')dt' 

r 

oo 

\axar  dydt) 

(19) 
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where  -  ^H^Q\k\r  -  r'|) .  After  some  algebra,  we  obtain 


{x  -  ^’) cos (0,)  ~(y-  y ) sin (0^  ^ 

■at 


®  I  I - ^ - 2 


(20) 


H 


{X  -  x')cosiQi)  -  (y  -  y )sin(e,)' 


x'f  +  {y-yT 


/dndf 


(21) 


and  are  computed  by  using  (20)  and  (21)  for  TE  waves  and  (1 1)  and  (13)  for  TM 
waves. 


II.3  Finite  Element  Approximation 

As  mentioned  previously,  second  order  finite  elements  are  used  to  approximate  the 
field  and  its  derivative.  As  indicated  in  Figure  2,  the  field  derivative  on  a  line  segment  is 
written 


_  ^1 

34>| 

dn 

.V 

where  ttj,  a2  and  are  the  weighting  functions 


a,  =  2?o(?o-0.5) 

0-2  = 

a3  =  2^i(C,-0.5) 

and  are  homogeneous  coordinates.  Now  write  the  nodal  derivatives  as 


P  - 

4), 

ao/anli 

<^11  <^2I 

^31  ^41 

1 

=  [C] 

d^/dn\^ 

= 

Cj2  ^^22 

C32  C42 

X 

03 

aa>/9«i3 

Ci3  C23 

^33  ‘^43_ 

.‘*’4 

(22) 


(23) 


(24) 
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The  boundary  integral  in  equation  (5)  thus  becomes 


=  ]£j(<J>iCXi +^2®2  +  ^3^3) 


I  li 


dn 


dn 


a,  ]d!^ 


=  I[®1  «>2*3]W[c] 


(25) 


where 


4  2-1 
2  16  2 
-12  4 


(26) 


and  [C]  is  given  in  equation  (26).  This  contribution  must  be  added  to  the  finite  element  ma¬ 
trices  produced  by  the  first  two  terms  in  equation  (5)  to  model  open  boundaries.  We  note 
that  the  resulting  matrix  contribution  is  not  symmetric  because  [C]  matrix  in  general  is  not 
symmetric. 

ni.  Numerical  Examples  and  Discussion 

To  demonstrate  the  accuracy  of  the  proposed  modified  MEI  method,  we  first  solve 
for  the  induced  electric  current  on  a  square  cylinder  impinged  on  by  a  plane  wave.  The 
square  cylinder  has  side  length  4  and  is  depicted  in  Figure  3.  The  modified  MEI  boundary 
condition  is  applied  only  a  couple  layers  away  from  the  cylinder.  From  Figures  4  and  5,  one 
can  see  that  the  results  obtained  by  modified  MEI  agrees  well  with  the  hybrid  MOM/FEM 
technique  for  both  TE  and  TM  cases.  Here,  we  consider  hybrid  MOM/FEM  as  numerically 
"exact"  since  the  radiation  boundary  condition  is  exactly  embedded  in  the  Green’s  Func¬ 
tion.  It  is  interesting  to  note  that  modified  MEI  produces  more  accurate  results  than  the 
modal  expansion  ABC  like  many  other  ABC’s  in  the  literature  must  be  applied  at  certain 
distance  away  from  the  scatter  in  order  to  maintain  the  accuracy.  As  the  original  MEI  meth¬ 
od  proposed  in  [7],  the  modified  MEI  has  no  such  restriction  which  makes  the  method  ef¬ 
ficient. 

The  second  example  is  scattering  by  a  pentagon  shown  in  Figure  6.  Figures  7  and  8 
compare  the  induced  electric  currents  on  the  object  obtained  by  various  techniques.  Once 
again,  the  agreement  between  modified  MEI  and  the  hybrid  MOM/FEM  is  very  god,  while 
modal  expansion  ABC  produces  less  accurate  results.  The  modified  MEI  method  seems  to 
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have  no  difficulty  to  produce  correct  results  even  at  comers  where  the  current  varies  rapid¬ 
ly. 

The  third  example  is  a  circular  cylinder  with  an  open  slit.  The  plane  wave  incidents 
perpendicular  on  the  slit.  Figures  9  and  10  present  the  contours  of  Ez  for  TM  case  obtain  by 
modified  MEI  and  modal  expansion  ABC.  In  this  case,  the  agreement  is  very  good  because 
the  exterior  boundary  is  sufficiently  far  away  from  the  scatterer. 

The  above  three  examples  demonstrate  that  the  modified  MEI  method  is  able  to 
generate  accurate  results  even  when  the  boundary  condition  is  applied  on  a  boundary  only 
a  couple  of  layers  away  from  the  scatterer.  Hence,  one  could  conclude  that  the  modified 
MEI  is  more  computational  efficient  than  other  absorbing  boundary  conditions  such  as  the 
modal  expansion  ABC.  Unfortunately,  the  answer  is  no  longer  as  simple  if  one  also  con¬ 
siders  the  cost  of  generating  the  numerical  absorbing  boundary  condition  and  solving  the 
non-symmetric  resulting  matrix.  However,  we  believe  the  modified  MEI  is  still  very  com¬ 
petitive  if  the  computational  domain  can  be  significantly  reduced  compared  with  other 
ABC’s. 

One  factor  of  uncertainty  in  applying  MEI  method  is  the  choice  of  metrons.  In  the 
above  examples,  we  experimented  with  several  different  metrons  of  the  type  given  in  equa¬ 
tion  (3)  and  found  the  results  to  be  insensitive  to  the  choice  of  metrons.  However,  we  did 
not  attempt  in  this  work  to  thoroughly  investigate  the  choice  of  metrons  on  the  accuracy  of 
the  solutions.  There  are  reports  in  the  literature  that  the  demonstrate  the  choice  of  metrons 
could  have  some  adverse  effect  on  the  accuracy  of  the  solution.  This  remains  to  be  research 
issue  in  the  future. 

Finally,  we  demonstrate  in  the  following  two  examples  that  the  modified  MEI 
method  does  not  yield  correct  results  if  it  is  applied  on  a  concave  boundary.  In  contrast,  the 
modified  MEI  boundary  condition  has  always  been  applied  on  a  convex  artificial  boundary 
in  the  above  examples.  Figure  1 1  defines  the  geometry  of  an  arbitrary  concave  scatterer. 
The  incoming  wave  incidents  from  the  left.  Figure  12  shows  the  current  densities  on  the 
scatterer  obtained  by  using  modified  MEI  applied  on  a  concave  artificial  boundary.  We  see 
that  the  results  do  not  agree  well  with  the  results  obtained  by  the  method  of  moments  which 
is  used  as  a  reference  for  comparison.  Most  errors  occur  in  the  region  where  the  artificial 
boundary  is  concave.  Figure  13  shows  the  current  density  on  the  same  scatterer  due  to  the 
same  plane  wave  except  that  the  modified  MEI  is  applied  on  a  convex  artificial  boundary. 

In  this  case,  the  agreement  is  much  better. 

To  further  demonstrate  the  point,  we  examine  another  concave  geometry  shown  in 
Figure  14.  Figures  15  and  16  show  the  induced  current  density  on  the  scatterer  obtained  by 
modified  MEI  method  applied  either  on  a  concave  (Figure  15)  or  on  a  convex  (Figure  16) 
artificial  boundary.  As  in  the  previous  cases,  quite  inaccurate  results  are  produced  in  the 
region  where  the  artificial  boundary  is  concave. 
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rV.  Conclusion 

The  MEI  absorbing  boundary  condition  has  been  modified  for  use  with  the  finite 
element  method.  The  original  implementation  of  the  MEI  method  employed  the  finite  dif¬ 
ference  method  and  replaced  the  field  in  the  open  region  by  a  linear  combination  of  point 
values  of  the  interior  field.  In  the  modified  approach,  the  derivative  of  the  field  on  the  ab¬ 
sorbing  boundary  is  replaced  by  a  linear  combination  of  interior  field  point  values.  Using 
the  derivative  of  the  field  itself  is  preferred  with  finite  element  method  because  this  term  is 
contained  in  the  natural  boundary  condition  of  this  method. 

The  modified  MEI  method  gives  excellent  results  for  conducting  scatterers  even  if 
the  picture  frame  boundary  is  placed  very  close  to  the  scatterer,  for  example  when  the 
boundary  is  only  one  or  two  elements  away  from  the  scatterer.  However,  the  method  does 
not  appear  to  work  with  concave  boundaries.  Further  work  is  required  to  extend  the  modi¬ 
fied  MEI  approach  to  these  situations. 


574 


References 

[1]  A.  Bayliss  and  E.  Turkel,  "Boundary  conditions  for  the  numerical  solution  of  elliptic 
equations  in  exterior  regions,"  SIAM  l.Appl.  Math.,  vol.  42,  n.  2.,  pp-  430  451,  Apr.  1982. 

[2]  B.  Engquist  and  A.  Majda,  "Radiation  boundary  conditions  for  the  number  simulation 
waves,"  Math.  Comp.,  vol.  31,  no.  139,  pp.  629-651,  July  1977. 

[3]  Robert  L.  Higdon,  "Absorbing  boundary  conditions  for  difference  approximations  to 
the  multi-dimensional  wave  equations,  "Math.  Comput,  vol.  47,  no.  176,  pp.  437  459,  Oct. 
1986. 

[4]  Omar  M.  Ramahi,  Ahmed  Khebir,  and  Raj  Mittra,  "Numerically  derived  absorbing 
boundary  condition  for  the  solution  of  open  region  scattering  problems,”  IEEE  Trans.  An¬ 
tennas  Propag.,  vol.  39,  no.  3,  pp.  350-353,  March  1991. 

[5]  Gregory  A.  Kriegsmann,  Allen  Taflove,  and  Korada  R.  Umashankar,  "A  new  formula¬ 
tion  of  electromagnetic  wave  scattering  using  an  on-surface  radiation  boundary  condition 
approach,"  IEEE  Trans.  Antennas  Propag.,  vol.  AP-35,  no.  2.,  Feb.  1987. 

[6]  P.  Silvester  and  M.S.  Hsieh,  "Finite-element  solution  of  2-dimensional  extenor  field 
problems,"  Proc.  IEEE,  vol.  118,  pp.  1743-1747,  Dec.  1971. 

[7]  M.D.  Prouty,  K.K.  MEI,  S.E.  Schwarz  and  R.  Pous,  "A  new  approach  to  quasi-static 
analysis  with  application  to  microstrip,"  IEEE  Microwave  Guided  wave  Lett.,  vol.  3,  no.  9, 
pp.  302-304,  Sept.  1993. 

[8]  Y.  Li  and  Z.  J.  Csendes,  "Modal  Expansion  Absorbing  Boundary  Conditions  for  Two- 
Dimensional  Electromagnetic  Scattering,"  going  to  be  published  in  IEEE  Trans.  Magnet¬ 
ics,  March,  1993. 

[9]  X.  Yuan,  "Electromagnetic  scattering  from  inhomogeneous  dielectncs  and  perfect  con¬ 
ductors  by  hybrid  moment  and  finite  element  method,"  private  communication. 


575 


boundary 


Figure  2:  Node  positions  used  in  the  element  on  the 


Figure  3:  Geometry  used  to  compute  the  scattered  field  from  a  square  perfect  conducting 
cylinder. 
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Figure  4:  A  comparison  of  the  surface  current  densities  on  a  square  conducting  cylinder  for 
a  TM  wave  obtained  by  using  the  hybrid  moment  and  finite  element  method,  the  modified 
Mei  method  and  modal  expansion  ABC’s. 
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Figure  7:  A  comparison  of  the  surface  current  densities  on  a  pentagon-shaped  conducting 
cyhnder  for  a  TM  wave  obtained  by  using  the  hybrid  moment  and  finite  element  method, 
the  modified  Mei  method  and  modal  expansion  ABC’s. 
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Figure  8:  A  compaxison  of  the  surface  current  densities  on  a  pentagon-shaped  conducting 
cylinder  for  a  TE  wave  obtained  by  using  the  hybrid  moment  and  finite  element  method, 
the  modified  Mei  method  and  modal  expansion  ABC’s. 


Figure  10:  Contours  of  constant  for  a  perfect  conductor  having  a  concave  shape  using 
the  modal  expansion  ABC. 
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Figure  12:  The  current  density  for  a  TM  wave  on  the  concave  perfect  conductor  with  the 
modified  Mei  method  and  with  the  boundary  element  method  using  a  concave  outer  bound¬ 
ary. 
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Figure  13:  The  current  density  for  a  TM  wave  on  the  concave  perfect  conductor  with  the 
modified  Mei  method  and  with  the  boundary  element  method  using  a  convex  outer  boundary. 
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Figure  14:  Geometry  used  to  compute  the  scattered  field  from  a  concave  perfect  conducting 
cylinder. 
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Figure  15:  The  current  density  for  a  TM  wave  on  the  concave  perfect  conductor  with  the 
modified  Mei  method  and  with  the  boundary  element  method  using  a  concave  outer  bound¬ 
ary. 
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Figure  16:  The  current  density  for  a  TM  wave  on  the  concave  perfect  conductor  with  the 
modified  Mei  method  and  with  the  boundary  element  method  using  a  concave  outer  bound¬ 
ary. 
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Abstract 

Perfectly-matched  absorber  (PMA)  boundary  conditions  have  been  shown  to  provide  excellent 
absorption  properties  over  a  wide  range  of  incident  angles  and  frequencies.  When  meshed 
such  that  the  element  thickness  increases  rapidly  with  depth  in  the  layer,  PMA  can  yield  better 
than  “60dB  reflection  coefficients  over  a  3:1  range  of  normal  wavenumber  with  only  3  finite-ele¬ 
ment  layers.  PMA  can  also  be  designed  to  attenuate  evanescent  modes  that  contact  the  bound¬ 
ary. 

In  this  paper  it  will  be  shown  that  the  unique  properties  of  PMA  allow  it  to  be  used  very  close  to 
radiating  structures.  For  example,  tests  on  a  simple  1/4X  monopole  over  a  ground  plane  show 
that  accurate  input  admittances  over  a  2  octave  frequency  range  can  be  obtained  with  PMA 
starting  just  .03X  from  the  wire.  Similar  accuracies  have  been  obtained  for  open-ended 
waveguides  radiating  in  free  space  with  the  PMA  at  just  .02X  from  the  aperture. 

Introduction 

Perfectly-matched  layers  using  Maxwellian  materials[1]  are  used  as  absorbing  boundary  condi¬ 
tions  in  radiation  problems.  A  PMA  is  a  layer  composed  of  an  orthotropic  material  that  has  the 
following  properties: 
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where€i/€y  = =  k,  withe, and;/, the  permittivity  and  permeability  of  the 
media  abutting  the  PMA,  respectively.  A  PMA  layer  can  theoretically  absorb  all  polarizations 
of  incident  plane  waves  even  with  very  large  angles  of  incidence.  PMA  layers  can  also  damp 
evanescent  modes,  and  so  may  be  used  quite  close  to  radiating  structures  or  in  situations  where 
the  propagating  mode  is  traveling  parallel  to  the  boundary. 

Proper  design  of  the  mesh  In  a  PMA  is  important  to  achieving  optimum  properties  while  keeping 
computation  costs  to  a  minimum.  A  highly  efficient  mesh  in  a  PMA  has  thin  elements  near  the 
boundary,  with  geometrically  increasing  element  thickness  away  from  the  boundary  Inside  the 
layer.  The  meshing  formulation  for  the  results  included  in  this  paper  is  presented  in  Ref.  [2]. 

Monopole  Problem 

A  monopole  over  a  ground  plane  was  used  to  Investigate  the  limitations  of  PMA  for  antenna  anal¬ 
ysis.  The  geometry  is  shown  in  Fig.  la.  The  monopole  Is  formed  from  the  center  conductor  of 
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a  coaxial  feed  line  that  connects  from  below  the  ground  plane.  The  wire  is  7.5  cm  in  length,  in¬ 
cluding  a  spherical  end-cap,  and  is  resonant  at  about  900  MHz.  The  wire  has  a  thickness  of 
.21 06  cm,  and  the  feed  coax  is  air-filled  with  a  characteristic  impedance  of  67Q.  All  conductors 
are  assumed  perfectly  conducting.  Two  planes  of  symmetry  are  used  to  reduce  the  computation 
time.  This  device  was  studied  using  FDTD  in  a  paper  by  Maloney,  et  al.[3],  and  the  measure¬ 
ments  referenced  in  that  paper  performed  by  Cooper[4]  are  reproduced  here  for  comparison. 

Several  different  cases  were  considered.  In  the  first  set  of  runs,  the  radiation  boundary  is  cylin¬ 
drical  and  each  analysis  was  done  with  a  different  cylinder  radius  (Fig.  1b).  The  radii  ranged 
from  .24X  down  to  .03X  (wavelength  at  900MHz).  Note  that  although  the  results  become  much 
better  as  the  radius  of  the  radiation  enclosure  is  increased  to  1  /4X,  there  remains  significant  error 
between  measured  and  calculated  results  (Fig.  2b). 

In  the  second  set  of  analyses,  the  radiation  enclosure  was  a  rectangular  box  (Fig.  1c).  As  with 
the  cylindrical  enclosure,  runs  were  made  for  a  range  of  box  dimensions.  Results  for  these  cal¬ 
culations  are  shown  in  Fig.  2a. 

In  ail  cases,  the  PMA  layer  was  three  elements  thick,  with  the  first  element  having  a  thickness 
of  1 .25  cm,  the  second  element  2.5  cm,  and  the  third  element  7.5  cm. 


-Spherical  cap 


Wire  radiator 
(radius  .2106 
/  cm) 

Coax  outer 
conductor 
(radius  .631 8 
cm)/ 


I  I 


5.5  cm 
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Figure  1:  Geometries  for  test  cases,  {a)  Radiator  is  a  wire  monopole  above  a  ground  plane 
with  a  spherical  end-cap.  The  metal  is  perfectly  conducting,  and  the  feed  coax  is  67Q.  (b) 
Cylindrical  radiation  boundaries,  (c)  Rectangular  radiation  boundaries.  Each  boundary  loca¬ 
tion  is  a  distinct  case. 


Admittance  (S)  ,  Admittance  (8) 


Admittance  of  1/4  wavelength  monopole  using  rectangular  PMA  boundaries. 


Frequency  (GHz) 


Admittance  of  1/4  wavelength  monopole  using  circular  PMA  boundaries. 


Figure  2:  Admittance  of  7.5  cm  monopole  over  broad  frequency  range  for  two  cases  (a) 
PMA  on  rectangular  boundary,  and  (b)  PMA  on  cylindrical  boundary.  Measured  values  are 

indicated  by  triangles  and  boxes 


As  opposed  to  the  previous  case,  a  rectangular  boundary  provides  solutions  that  are  very  close 
to  the  measured  data  even  when  the  radiation  enclosure  is  extremely  close  to  the  wire  radiator. 
In  fact,  the  results  for  .24X  box  and  .03X  box  very  nearly  overlay  each  other. 

Circular  Patch  Antenna 

Characterization  of  a  circular  patch  has  been  carried  out  by  Aberle  [5],  and  ref.  [2]  discusses 
the  calculation  of  terminal  characteristics  using  the  finite-element  method  with  PMA  on  a  spheri¬ 
calboundary  above  the  patch.  In  this  paper  the  calculation  was  redone  using  PMA  on  a  rectan¬ 
gular  boundary  as  shown  in  Fig.  3. 


Figure  3:  Patch  model  geometry.  The  substrate  is  terminated  prior  to  meeting  the  PMA 
boundary  as  required  by  MicroWaveLab  for  rectangular  boundaries,  with  negligible  effect  on 

the  results. 

Results  for  the  circular  patch  are  shown  in  Fig.  4.  The  experimental  and  MoM  values  are  circled, 
and  the  finite-element  results  are  shown  as  lines.  The  rectangular  PMA  results  are  closer  to  the 
experiment  than  the  spherical  PMA.  In  addition  to  the  former  curve  being  closer  to  the  measure¬ 
ments,  it  also  shows  better  agreement  with  the  measured  resonant  frequency  (rotation  of  curve 
is  less  for  rectangular  PMA).  At  resonance,  the  PMA  surface  Is  just  1/1  OX  from  the  top  of  the 
patch. 

Conclusions 

Perfectly-matched  absorbers  have  been  shown  to  be  effective  as  radiation  boundary  conditions 
over  a  wide  range  of  plane-wave  Incident  angles  and  frequencies.  In  this  paper  it  has  been  dem- 
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onstrated  that  in  some  cases  the  PMA  surface  may  be  brought  very  close  to  the  radiator  and 
still  effectively  simulate  an  “open”  boundary.  For  example,  placing  the  PMA  surface  only  a  few 
hundredths  of  a  wavelength  from  a  wire  radiator  yields  accurate  results  for  input  admittance  of 
the  antenna. 


Figure  4:  Results  for  circular  patch.  Experimental  and  MoM  results  taken  from  Aberle  [5]. 
Spherical  PMA  result  presented  in  reference  [2]. 
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Abstract 

A  new  explicit  axisymmetric  solver  for  the  diffusion  of  electromagnetic  fields  in  an  in¬ 
homogeneous  medium  is  described.  The  proposed  method  is  based  on  the  Krylov  subspace 
(Lanczos)  approximation  of  the  solution  in  frequency  domain.  The  finite-element  method 
(FEM)  is  employed  to  discretize  Maxwell’s  equations.  It  is  shown  that  the  SLDM  is  ex¬ 
tremely  fast.  Furthermore,  the  electromagnetic  fields  at  many  frequencies  can  be  evaluated 
by  performing  the  SLDM  iteration  only  once.  Analysis  of  a  practical  geophysical  problem  is 
also  included. 


1  Introduction 

A  very  common  problem  encountered  in  electromagnetic  exploration  is  the  efficient  computation 
of  the  electromagnetic  fields  excited  by  a  low-frequency  harmonic  source  where  the  effect  of  dis¬ 
placement  currents  may  be  neglected.  Traditional  modeling  procedures  for  Maxwell’s  equations 
suggest  obtaining  solutions  independently  for  every  frequency  [Ij.  This  has  been  proven  to  be 
extremely  time  consuming  for  multi-frequency  simulations.  Recently,  Druskin  and  Knizhnerman 
[1]  have  introduced  a  new'  technique  called  the  Spectral  Lanczos  Decomposition  Method  (SLDM), 
which  is  capable  of  solving  Ma^xwell’s  equations  for  many  frequencies  in  a  negligible  amount  of 
extra  computing  time  compared  to  one  frequency.  The  method  has  been  applied  to  solve  for 
electromagnetic  fields  discretized  by  the  finite  difference  method. 

When  Maxwell’s  equations  are  discretized  by  either  the  finite  element  or  the  finite  difference 
method,  the  resulting  equation  may  be  formed  into  a  matrix  equation 


Ax  —  iojCx  =  h 


(1) 
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where  A  and  C  are  typically  real  square  matrices,  x  is  the  unknown  vector,  and  b  is  the  excitation 
vector.  This  matrix  equation  can  be  modified  as 

Ax  —  iulx  —  V  (2) 

where  I  is  the  identity  matrix.  Eq.  (2)  can  be  solved  by  SLDM  which  is  based  on  approximations 
in  a  global  Krylov  subspace  to  the  product  of  a  matrix  and  a  vector  using  the  Lanczos  method. 

In  this  work,  the  finite  element  method  (FEM)  is  employed  to  discretize  Maxwell’s  equations 
in  a  low-frequency  regime  for  axisymmetric  problems.  SLDM  is  then  applied  to  the  resulting 
matrix  equation  to  solve  for  the  electromagnetic  fields  for  multiple  frequencies.  The  formulation 
is  done  for  the  magnetic  field  intensity  H  while  the  electric  field  formulation  follows  the  same 
procedure. 


2  Finite-Element  Formulation 


In  a  low-frequency  regime,  where  the  effect  of  displacement  currents  can  be  neglected,  Maxwell’s 
equations  are  written  as 

VxH  =  aE  +  J,  VxE  =  -jwAiH,  (3) 

which  can  be  solved  for  either  the  electric  field  intensity  E  or  the  magnetic  field  intensity  H.  If 
Eq.  (3)  is  solved  for  the  H-field,  we  obtain 

V  X  V  X  h)  +  =  V  x  j  .  (4) 

Assuming  a  TM  excitation  in  cylindrical  coordinates  where  the  only  non-zero  components  of  the 
fields  are  Ep,  and  E,,  we  can  write  [2] 

^  •  V  X  X  =  Mp,  (5) 

where  M^,  is  the  magnetic  current  density  defined  as 


which  for  a  toroidal  coil  can  be  written  as 

= -jw/x/ArTrr^—- — ^S{z  -  Zo),  (7) 

ZTTp 

where  /  is  the  current,  Nt  is  the  total  number  of  turns  and  is  the  radius  of  the  toroidal  coil  in 
the  pz  plane  and  is  assumed  to  be  small. 

It  is  shown  that  Eq.  (5)  can  be  expressed  as  [3] 


dp  per  dp  dz  pa  dz 


P 


(8) 
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If  we  let  pH^  =  #,  X  =  p,  y  =  =  Qj/  =  1/pcr,  ju^pfp  —  /5,  and  —  /,  Eq.  (8)  becomes 


dx 


£ 

dy 


(9) 


W'hich  is  the  standard  form  of  a  two-dimensional  Helmholtz  equation  and  its  solution  is  equivalent 
to  minimizing  the  functional 


dx) 


dy) 


dS 


-Jims. 


(10) 


The  boundary  condition  along  the  x-axis  is 


—  =  0  at  p  =  0, 

dp 


(11) 


which  is  satisfied  automatically  as  the  natural  boundary  condition.  For  simplicity,  we  choose  the 
outer  boundaries  sufficiently  far  from  the  source  so  that  the  field  satisfies  the  boundary  condition 


$  =  0, 


(12) 


which  is  imposed  in  the  minimization  of  F'($). 

Next,  w'e  employ  the  finite-element  technique  to  discretize  Eq.  (10)  using  linear  triangular 
elements  which  would  result  in  a  matrix  equation  of  the  form 

{C  +  3T)^  =  b,  (13) 

where  C  and  T  are  called  the  stiffness  and  mass  matrix,  respectively.  The  matrix  equation  (13) 
may  then  be  solved  by  employing  SLDM  which  is  discussed  next. 


3  Spectral  Lanczos  Decomposition  Method 

The  electromagnetic  simulation  problems  in  frequency  and  time  domains  can  be  considered  as 
particular  cases  of  a  more  general  problem  of  solving  the  following  matrix  equation  [1] 

u  =  f{A)b,  (14) 

where  A  is  an  n  x  n  symmetric  matrix,  /  is  a  function  defined  on  the  spectral  interval  of  A. 
and  6  is  a  vector  in  9R”.  SLDM  estimates  the  solution  of  Eq.  (14)  by  first  applying  m  steps  of 
the  Lanczos  algorithm  for  approximate  computation  of  eigenvalues  and  eigenvectors  of  matrix  A. 
Accordingly,  in  the  Krylov  subspace,  the  basis  gi,  92,  •  •  • ,  9m  are  generated  by  the  Gram-Schmidt 
orthogonalization  of  vectors  6,  A6,  . . . ,  A^~^b  by  the  following  recurrence  formula 

(diqi+i  =  r,-+i  =  Aqi  ~ 

ai  -  q*Aqi,  (Si  =j|  r.+i  1|,  i  =  1, 2, . . . ,  m  (15) 

with  /3o<?o  =  0,  =  5  II  6  il,  and  >  0.  Having  evaluated  q  and  (d  terms  for  m  steps,  a 

tridiagonal  matrix  H  is  formed  with  eigenvalues  Bi,  Bi  <  and  normalized  eigenvectors  Si  — 
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{Su; . . . ,  S^iY,  i  =  L2, . . .  ,m.  Next,  we  define  ei  =  (1,  0,  0,  ,  0)‘  as  the  first  unit  m  vector, 

a  matrix  Q  of  basis  vectors  qi  as  Q  =  [?i[  92I,  •••?  km],  and  vectors  y,  =  QSi.  Matrix  H  is 
referred  to  as  the  Ritz  approximation  of  matrix  A  and  (0.,  y.)  are  the  approximate  eigenvalues 
and  eigenvectors  of  A  that  would  be  obtained  if  the  Ritz  method  was  applied  to  A  [1]. 

In  view  of  the  definition  of  Q  and  the  orthonormality  of  matrix  [5i  1^2 IS^j,  we  can  write 

m  m 

6  =11  h  II  91  =11  b  II  Qei  =11  b  |1  Qj^SuSi  =||  b  ||  (16) 

which  would  result  in  an  approximate  solution  of  the  matrix  equation  (14)  as 

^  /I  r-N 

=11  b  II  f^Snm)yi  =11  b  II  QfiH)ei,  (10 

1=1 

which  is  a  valid  approximation  of  the  unknown  vector  u,  since  the  spectrum  of  matrix  H  is 
contained  in  the  spectral  segment  of  matrix  A. 

The  main  arithmetic  work  in  SLDM  is  to  obtain  matrices  Q  and  H.  However,  the  dimension 
of  the  Krylov  subspace  m  necessary  to  reach  convergence  is  typically  much  smaller  than  the 
dimension  of  matrix  A,  n  [Ij.  For  approximate  computations  of  the  eigenvalues  and  eigenvectors  of 
matrix  A,  the  PWK  and  inverse  iteration  algorithms  are  implemented.  With  the  above  algorithms 
used  to  compute  the  eigenpairs  of  matrix  A,  only  O(m^)  operations  are  required.  Additionally,  it 
is  not  necessary  to  recompute  Q  and  ff  matrices  for  multi-frequency  simulations.  Only  the  matrix 
functional  f(ff)  of  Eq.  (17)  needs  to  be  computed  for  various  frequencies.  This  proves  to  be  the 

most  attractive  feature  of  SLDM.  cttmvt  u* 

In  order  to  solve  Eq.  (13)  for  either  the  electric  field  or  the  magnetic  field  by  SLDM,  this 

equation  must  be  converted  to  a  form 

(A  A  ju;I)  X  ~  u,  (IS) 

with  I  being  the  identity  matrix.  Therefore,  matrix  T  of  Eq.  (13)  is  first  converted  to  a  diagonal 
matrix  by  the  lumping  procedure  to  yield 

{C  +  pD)^  =  b  (19) 


which  can  be  w'ritten  as 


or 

(A' +  /?/)$' =  6'. 

with  We  approximate  the  solution  to  the  matrix  equation  (21)  by 


~  =  L  C-  =  (ci, . . . ,  c^)’. 

t=i 

It  is  shown  that  Eq.  (22)  can  be  expressed  as  [1] 

ll&'ll  ei, 


(20) 

(21) 


(22) 


(23) 
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or 


(24) 


t=l 

It  is  evident  that  SLDM  allows  one  to  obtain  solutions  of  the  electric  and  magnetic  fields  for 
multi-frequency  simulations  by  forming  Q  and  matrices  only  once  while  recomputing  the  matrix 
functional  {H  -f  3I)~^  at  each  frequency.  This  fact  is  further  verified  in  the  next  section. 


4  Results 

To  verify  the  formulation  presented  in  this  work,  a  practical  geophysical  problem  is  analyzed. 
The  geometrv  considered  here  is  a  vertical  borehole  penetrating  horizontal  layered  beds  [2].  For 
the  TM  excitation,  we  model  a  toroidal  antenna.  The  unknown  field  is  evaluated  by  SLDM  and 
the  field  contour  lines  are  plotted.  The  inhomogeneity  of  the  media  is  introduced  by  modeling 
multi-layers  of  various  electrical  conductivity  a.  The  computations  are  performed  on  a  DEC  Alpha 
Workstation  computer  with  a  throughput  of  44  MFlops. 

The  problem  configuration  considered  in  this  w-ork  is  illustrated  in  Figure  1.  The  geometry 
dimension  is  18  m  x  18  m  and  it  is  subdivided  into  101  segments  on  both  p  and  ^  directions. 
The  dimensions  are  given  in  terms  of  the  number  of  segments.  The  magnetic  current  source 
is  applied  at  [p.z]  =  (60,3).  The  magnetic  field  intensity  is  evaluated  throughout  the  region 
due  to  the  magnetic  current  density  Mgp  in  a  frequency  range  of  100-900  KHz  with  an  increment 
of  50  KHz.  SLDM  is  employed  to  solve  for  the  field  at  the  lowest  frequency  of  interest  at  100 
KHz.  Exploiting  axisymmetry,  the  total  number  of  unknowns  is  10,102.  The  number  of  iterations 
required  to  reach  convergence  is  191  SLDM  steps.  However,  the  same  H  and  Q  matrices  are  used 
to  evaluate  the  results  at  higher  frequencies  by  only  recomputing  the  matrix  functional  of  Eq.  (24) 
at  each  single  frequency.  The  total  amount  of  computing  time  is  approximately  24.  t  seconds  when 
computing  the  fields  for  the  w'hole  frequency  range  while  the  CPU  time  for  the  fields  computation 
at  the  frequency  of  100  KHz  is  22.5  seconds.  Therefore,  only  an  additional  2.2  seconds  is  needed  to 
obtain  results  for  the  remaining  16  frequencies.  The  pH^  contour  lines  are  plotted  at  a  frequency 
of  100  KHz  in  Figure  2,  For  low  frequencies,  these  contour  lines  are  also  the  electric  field  lines. 
To  illustrate  the  effectiveness  of  SLDM  further,  the  geometrical  size  of  Figure  1  is  extended  from 
18m  X  18m  to  70m  x  70m  with  the  number  of  unknowns  growing  from  10,102  to  90,302.  The 
CPU  time  is  illustrated  in  Figure  3.  As  can  be  seen  from  this  figure,  the  maximum  CPU  is  only 
69  seconds  for  approximately  10^  unknowns. 


5  Conclusion 

SLDM  is  successfully  applied  to  the  solution  of  the  axisymmetric  Maxwell’s  equations  in  a  low- 
frequency  regime  when  the  finite-element  method  is  employed  to  discretize  Maxwell’s  equations. 
By  considering  a  practical  geophysical  problem,  the  effectiveness  of  SLDM  is  demonstrated.  It 
is  shown  that  SLDM  is  not  only  fast,  but  also  is  capable  of  providing  the  solutions  at  multi 
frequencies  by  performing  the  SLDM  iteration  only  for  the  lowest  frequency  of  interest. 
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1  Presentation 

The  partial  differential  equations  modeling  physical  phenomena  can  be  studied  by  two  different  ways  at  least. 
On  one  hand  the  analyst’s  point  of  view  emphasises  on  properties  of  existence,  uniqueness,  maximum  priMciple... 
On  the  other  hand  the  geometric  point  of  view,  stresses  on  global  behavior,  invariance...  Up  to  nov/,  almost  all 
discretizations  of  these  equations  axe  based  on  classical  analysis  point  of  view.  Since,  the  micro-local  analysis 
begins  to  be  considered  for  several  hyperbolic  problems.  However  the  differential  geometry  is  not  yet  taken  into 
account.  J.C.  Nedelec  [1]  introduced  it  for  finite  elements  adapted  to  the  electromagnetism.  It  is  a  generalization 
of  the  mixed  finite  elements  introduced  by  P.A.  Raviart  and  J.M.  Thomas  for  the  dimension  two  12).  This  work  is 
formalized  by  A.  Bossavit  [3],  which  proves  that  they  are  discrete  differential  forms  :  the  Whitney’s  elements  [4]. 
So  we  can  use  this  formalism  on  these  elements.  This  is  what  we  will  present  in  our  paper,  with  an  applicr.tion  to 
the  Maxwell  system  in  dimension  three. 

In  electromagnetism,  one  problem  is  the  conservation  of  the  properties  of  divergence  for  electric  and  magnetic  fields. 
The  divergence  conditions  (Gauss  laws)  and  the  charge’s  conservation  are  redundant  in  the  continuous  model  with 
the  Maxwell  system,  if  the  initial  conditions  satisfy  them.  Numerically  they  are  not  implemented  and  can  not  be 
preserved  in  time  by  the  scheme,  excepted  for  some  schemes  with  orthogonal  grid.  This  non  conservation  may 
introduce  non-physical  effects  in  the  numerical  simulations. 

For  instance,  for  wave  propagation  in  a  neutral  plasmas,  the  preservation’s  these  equations  is  essential.  Indeed, 
their  non-conservation  may  lead  to  a  heating  of  the  plasma  and  additional  charges  completely  artificially. 

In  a  first  part,  we  will  briefly,  present  the  different  ways  used  for  trying  to  preserve  Gauss  laws.  Then  we  wiU  expose 
a  new  method  for  solving  the  time-domain  Maxwell  equations  in  three  dimensions  and  preserving  the  divergence, 
which  is  based  on  differential  geometry. 


2  Survey  of  existing  methods 

Several  methods  exist  for  solving  the  time-domain  Maxwell  equations  in  three  dimensions,  which  try  to  preserve 
the  divergence  laws.  When  they  use  finite  differences,  they  axe  based  on  the  Yee’s  scheme  |5].  But  they  more 
generally  use  finite  volumes  with  a  constant  time-step  [6], [7],  or  a  variable  one  {8].  An  other  method  to  have  an 
acceptable  conservation  of  the  Gauss  laws  is  to  use  a  penalization  with  finite  volumes  [9].  But  the  divergence  are 
not  exactly  conserved  but  only  with  the  same  order  as  the  scheme  for  structured  or  unstructured  meshes. 

So  when  we  want  to  apply  them  to  the  plasma  for  the  charged  particles  transport,  they  add  artificial  charges. 
However  numerical  models  try  to  solve  this  problem  (10). 

We  can  use  a  method  of  finite  volumes  coupled  with  finite  elements  for  unstructured  meshes  for  solving  Maxwell 
system.  The  finite  volumes  axe,  in  dimension  2,  the  polygons  whose  the  edges  sure  the  bisectors  of  the?  triangle’s 
edges.  The  Vlasov  equation  is  satisfied  if  we  consider  the  gauss  law  divD  =  p  as  a  constraint  and  we  introduce 
a  potential  for  the  correction  of  the  electric  field  (11],(12|.  So  we  have  two  orthogonal  meshes,  but  constructions 
of  them  2ire  difBcult  for  complex  geometry  and  axe  not  well  controled,  in  particular  in  the  neighborhood  of  the 
domain’s  frontier. 

We  can  also  try  to  extend  a  method  using  Eood-Taylor  finite  elements  with  an  arbitrary  triangulation  of  the 
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domain.  Introduction  of  Lagrange’s  multipliers  associated  to  constraints  is  needed  [13],[14j.  But  this  method  can 
not  be  applied  to  Maxwell-Vlasov  system  :  as  the  dimension  of  the  phase-space  is  six,  the  number  of  degrees  of 
freedom  is  too  big. 

We  fan  have  a  particle  in  cell  approach;  a  moderated  number  of  degrees  of  freedom  is  needed  for  this  method.  The 
distribution  function  of  the  particles  is  approached  by  a  linear  combination  of  Dirac  s  masses  in  the  phase-space 
[15].  The  boundary  needs  a  particular  treatment  [16],  [17].  This  method  may  to  be  coupled  with  finite  volumes  or 
elements.  But  algorithms  must  be  developed  for  coupling  particle-method  with  unstructured-grid  schemes. 

As  the  resolution  of  the  complete  Maxwell-Vlasov  system  is  very  expensive  in  computational  time,  an  other  way  of 
doing  is  to  use  an  approximated  model.  This  is  the  case  in  particular  for  the  transport  of  intense  beams  of  charge’s 
particles,  where  we  use  a  paraxial  approach  model,  which  is  more  simple  than  the  Maxwell-Vlasov  system  [18|. 
The  paraxial  model  has  to  be  coupled  with  the  complete  system  to  simulate  a  complete  apparatus  with  transport 
and  injection. 

A  geometrical  approach  is  possible  too,  and  this  is  our  choice.  We  will  present  how  we  can  solve  Maxwell  system 
in  time  domain  in  three  dimension,  if  we  consider  variables  as  differential  forms  [19]. 


3  Description  of  the  method  based  on  the  differential  geometry 

3.1  Discrete  differential  geometry 

On  a  manifold  X  of  dimension  n,  a  differential  p-form  on  X  is  a  p-linear  alternate  form. 

If  X  is  and  u  a  vector  field,  in  each  point  M  of  X,  the  linear  application  a  i — ►  u{M).a  is  a  1-form,  thebilinear 
application  a,fi  i — *•  ]u(M),a,/3l  is  a  2-form. 

And  when  u  is  a  function,  in  each  point  Af,  u{M)  is  a  0-form  and  the  trilinear  application  a,  j3, 7  1 — ^  u{M)  \a,/3, 7I 
is  a  3-form. 

These  forms  have  classical  operators  like  multiplication,  integration  but  they  can  also  be  differentiated  thanks  to 

the  exterior  differentiation  d  which  satisfies  /  ^f)  =  f  and  d  o  d  =  0.  This  operator  transforms  a 

Js  JdS 

p-form  to  a  (p-rl)-form. 

If  X  =  JR^,  d  coincides  with  v  for  a  0-form,  with  curl  for  a  1-form  and  with  div  for  a  2-form. 

It  is  possible  to  transform  a  p-form  on  a  (n-p)-form  thanks  the  Hodge  operator  denoted  by  *  , 

It  satisfies  *  o  ★  =  (— Id.  In  particular,  when  n  is  odd  (it’s  the  case  when  X=IR^ )  one  has  :  o  *  =  Id. 

3.2  Whitney  finite  elements 

Now  we  recall  some  well-known  facts  on  Whitney  finite  elements  which  are  well  adapted  for  the  discretization  of 
the  differential  geometry. 

Let’s  consider  a  mesh  of  n-simplexes  in  if?”.  We  denote  by  s,-  the  vertices  of  the  mesh  and  by  pi  the  Pi-Lagrange 
basis  functions  sissociated  to  these  points.  Furthermore  we  denote  by  the  p-simplex  convex  hull  of  the 

points  Sij,..., Sip.  In  each  n-simplex  we  have  pi  —  Xi  where  Aj  is  the  barycentric  coordinate  to  Si  in  the  simplex 
under  consideration.  Functions  pi  are  used  as  basis  functions  to  discretize  O-forms.  We  have  pi  =  6^. 

For  i-forms,  we  look  for  basis  functions  integrable  along  the  edges  of  the  mesh.  In  a  n-simplex,  we  define  the 
function  associated  to  the  edge  by  :  pL  =  XidXj  -  XjdXi. 

In  the  same  manner,  for  (p-1  ^-forms,  in  a  n-simplex,  we  have  basis  functions  defined  by  : 

=  ]C<r6S[i:p]  A  *  •  •  A  Ai^^^^  where  5[/]  is  the  set  of  permutations  of  the  discrete  set  I.  One 

can  verify  that  p-form  basis  functions,  the  degrees  of  freedom  are 

their  integrals  on  the  p-simplexes  of  the  mesh. 

So  when  we  distretize  differential  geometry  formalism  on  a  three-dimensioned  mesh  of  tetrahedra  with  Whitney 
finite  elements  we  obtain  that  : 

-  a  0-form  is  discretized  by  Pl-Lagrange  functions;  the  degrees  of  freedom  are  associated  to  the  vertices  of  the 
mesh. 

-  a  l-form  is  discretized  by  H-curl  elements,  which  satisfy  the  continuity  of  the  tangential  trace  across  faces. 
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A  ^ 

For  example,  for  the  edge  [AB],  the  basis  function  associated  is  - - -  :  the  circulation  along  edge  \AB]  is 

unitary  and  null  along  the  others. 

-  a  2*form  is  discretized  by  H-div  elements,  which  satisfy  the  continuity  of  the  normal  trace  across  faces. 


For  example  for  the  face  [BCD],  the  basis  function  associated  is  :  the  flux  across  face  BCD  is  unitary  and 
null  across  the  others. 

-  a  3-form  is  discretized  by  PO-Lagrange  functions;  the  degrees  of  freedom  are  the  integrals  on  tetrahedra. 

The  discretization  of  the  differentiation  operator  d  is  obtained  thanks  to  the  relation  j  df  =  f  f. 

Jc  Jac 

So  when  /  is  a  0-form,  d  satisfies  f  grad^f.T=  °/(5)  —  ^f{A).  For  a  1-fonn  f  curl  ^f.n=  f  '  f.r,  sjid 

J[AB]  •'0  "  a4> 

for  a  2-form  f  div^f  =  f  ^f.n. 

Jv  J  Qv 

We  can  see  that  we  apply  twice  d  to  a  1-form,  each  edge  contributes  twice  but  with  opposite  signs.  So  d  o  d  =  0 
exactly. 


For  the  discretization  of  the  Hodge  operator,  we  use  the  fact  that  J *^f^a  =  (^/,  ^a)  ,  V  a  l-form.  As  + 

is  a  (3  -  2  =  l)-form,  we  can  decompose  it  on  the  discrete  basis  (^Uj)  of  the  1-forms  :  So 

a  =  (tti),-  satisfies  Ma  =  ((^/,ai)) .  where  M  is  the  mass  matrix  of  the  1-forms.  This  matrix  will  be  inversed  at 
each  time  step.  We  can  not  use  an  associated  mass-lumped  matrix  |20]  :  the  coefficient  associated  to  an  edge  on 
a  tetrahedron  is  proportional  to  the  scalar  product  of  the  normal  vectors  of  the  faces  opposite  to  this  edge.  So,  if 
the  mesh  is  too  regular,  contributions  of  all  tetrahedra  containing  the  same  edge,  can  cancel. 


3.3  Numerical  scheme 


Maxwell  system  : 


^+cutIE  =  0 
^  -  cutIH  =  J 
divD  =  p 
divB  —  0 


F  is  a  1-form,  B  a  2-form 
jH  is  a  1-form,  D  and  J  2-forms 
p  is  a  3-form 


We  also  need  material  constitutive  laws  :  D  =  eE,  B  =  fiH.  For  the  transformation  of  a  1-form  [E  or  H)  to  a 
2-form  (D  or  B),  we  need  the  Hodge  operator  ★.  Maxwell  system  can  be  written  as  : 
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^+d^E  =  (i 
^-d^E=  V 
d^D= 
d^B^O 


^D  =  e*  ^E 
^B  =  fi*  ^E 


For  the  implementation,  we  choose  the  leap-frog  scheme,  writing  : 

^n+i  ^  pn-i  _  =D^  +  AtdE^^'^  +  Aa"+^  - 

Classically,  one  writes  the  scheme  on  (B,F?) :  =  B'^~ ~  AtdE^  +At—B  2+At*J  2 

In  this  case,  dD  needs  the  operator  d  *  -kd*.  Now  -k*  is  not  exact  numerically,  because  the  matrix  associated  to  + 
is  inversed  thanks  to  the  conjugate  gradient.  On  the  other  hand,  with  (B,  D),vre  have  that  dd  =  0  exactly,  so  we 
prefer  to  write  the  scheme  on  (B,  D)  : 

B”+t  =  £>«+i  =  B”  +  A«^B”+HAtJ’'+2  . 


Now,  we  will  prove  that  Gauss  laws  are  numerically  exactly  conserved.  We  suppose  that  dB"  2  -  0.  So 
dB"+2  =  _  dAt—D^  =  0  -  —dd*D^  -  0 


We  suppose  that  dB”  =  p"  and  ^ 


-  / 


At 


So  dB*"^^  =  dB"  -  dAt— B”"^^  +  dAt =  p"  -  — dd* -|-  AtdJ^^^  =  p”  + 

fi  P' 

As  divergence  laws  are  satisfied  by  initial  conditions,  and  the  electric  charge  conservation  law  is  true  at  every  time 
nAt,  we  have  the  proposition  : 


dB2  =0=J>dB”‘^2  =0  Vn. 


dB°  =  p®  and  dJ”''^^  =  - —  Vn  =»  dB"  =  p”  Vn. 


At 


As  we  use  a  leap-frog  scheme,  our  scheme  is  2"*^  order  accurate  in  time,  d  is  exact:  however  it  is  1*‘  order 
accurate  in  space.  That  is  because  Hodge  operator  is  discretized  by  J =  (^/,^  a),  and  the  inner  product 
of  their  projections  on  the  space  of  the  1-forms  is  an  approximation  of  order  1  of  their  inner  product,  and  the 
discretization  of  a  form  is  also  in  order  1. 

For  the  study  of  condition  of  the  stability  we  write  the  scheme  with  matrix  form  : 

ifF"=  ( ), v-= ( 


We  denote  by  (cn,  A^)  eigenvalues  of  the  previous  matrix.  So  the  associated  matrix  is 

The  product  of  the  eigenvalues  is  1;  for  stability,  we  need  them  to  be  of  modulus  1. 
This  leads  to  the  conation  CFL  (At^)  i7iaa;(A„)  <  4. 


I  At 

-AfA„  I-AfXr, 


)• 


At 


In  practice,  with  c=l,  we  have  <  0.2. 


Our  scheme  does  not  conserve  the  classical  energy,  /  {D'^.E^  +  B^.B”)  at  the  time  steps  nAt,  because  B  and 


E  are  not  known  at  the  time  nAt.  But  if  we  use  that  B'^  ss  B^  2  +  _  B"  2  — ^  ~  *B^, 


2 

B”.Br”  «  _  AtdE^.E^~^.  If  we  replace  the  approximation  of  B.B,  B'^.E’^,  by  the  previous  approx¬ 
imation,  we  obtain  that  the  energy  =  j  B".B"  -t- B”*2  -  AtdE^^^E^  approximates  the  continuous 


energy,  and  that  this  scheme  preserves  exactly  the  energy 


3.4  Numerical  results 

We  have  implemented  the  previous  scheme  in  (7++.  We  test  it  with  the  mode  (1,1,1)  of  a  cubic  cavity,  with  a 
metallic  boundary  condition.  We  can  prove  that  the  metallic  condition,  B  x  n  =  0,  is  equivalent  to  imph-ment  a 
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When  we  use  a  mesh  made  with  Voronoi  algorithm  we  obtain  better  results. 

Nevertheless  our  goal  was  to  make  a  method  which  preserves  exactly  divergence  laws.  It  is  reached.  Whatever 


mesh  we  use,  we  obtain  that  the  divergence  of  the  magnetic  field  is  in  order  of  ;  the  computer  precision.  We 

have  compared  it  with  results  obtained  by  the  method  developed  in  [7j. 


4  Conclusion 

By  using  the  differential  geometry  of  the  Maxwell  system  to  discretize  it,  we  have  obtained  a  scheme  which 
correctly  simiilates  the  electromagnetic  field  propagation  and  satisfied  exactly  to  Gauss  laws.  Presented  results 
are  not  excellent  because  the  scheme  we  use  is  just  first  order  accurate  in  space.  They  can  improved  thanks  to  an 
improvement  of  the  accuracy  of  the  space  discretization. 

Nevertheless  our  main  goal  is  attained;  If  the  divergence  laws  divB  =  0  and  divD  —  p  are  satisfied  by  the 

initial  conditions,  and  Vn,  then  the  divergences  are  conserved.  Now  we  will  develop  others  3D 

Af 
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numerical  simulations  concerning  wave  propagation  in  non-cubic  cavities  and  scattering  problems. 
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Abstract 


This  paper  discusses  the  methodologies  required  to  introduce  basic  passive  elements  into  a 
FEM  modelled  microstrip  circuit.  Three  different  approaches  have  been  investigated  and  are 
presented  herein.  The  first  two  methods  use  the  basic  principles  of  circuit  theory,  while  the 
third  employs  the  so  called  zeroth  order  approximation  or  volume  current  method.  The  first 
of  EM-circuit  methods  uses  the  voltage- current  relations  applying  at  the  passive  elements  in 
the  circuit.  This  is  done  through  the  impedance  of  that  element  and  requires  a  modification 
of  the  functional  of  the  FEM  equations.  The  second  method  uses  the  S-parameters  of  the 
passive  elements  to  provide  the  required  circuit  relation.  By  using  these  methods  the  effect 
of  the  presence  of  the  passive  elements  on  the  microstrip  circuit  can  be  observed. 


1  Introduction 

The  Finite  Element  Method  (FEM)  has  been  established  during  the  past  ten  years  as  an  accurate 
and  versatile  frequency-domain  technique  for  passive  circuit  problems.  Despite  the  capability  of 
the  technique  to  treat  a  broad  variety  of  circuit  geometries,  it  has  been  limited  to  only  distributed 
elements  that  are  mostly  passive  and  linear.  To  be  able  to  make  the  technique  applicable  to 
more  complete  microwave  and  millimeter  wave  circuits,  its  capability  needs  to  be  extended  to 
handle  passive  and  active  elements.  Some  studies  about  these  issues  have  been  made  by  using 
different  techniques  such  as  FDTD,  TLM  and  FEM  [l]-[5].  The  techniques  presented  herein  are 
divided  into  circuit  element  methods  and  volume  current  methods.  In  the  following,  a  short 
description  of  each  technique  is  given. 
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1.1  Circuit  Method  #  1 


This  method  uses  circuit  concepts  such  as  the  current-voltage  (/  —  V)  relations  through  the 
nodes  connected  to  the  element[6].  From  circuit  theory  the  following  relations  for  the  resistor, 
capacitor  and  inductor  hold  respectively 


V  =  RI  V  =  jijLI  I  =  jujCV. 


(1) 


In  terms  of  field  quantities  the  voltage  and  current  are  expressed  in  the  following  way 

V  =  jE-dl 


(2) 


j  =  fn-di  (3) 

where  the  integral  is  evaluated  along  the  element  for  the  voltage  and  around  the  element  for  the 
current  flowing  through  the  nodal  points.  Since  tetrahedral  based  FEM  is  used  throughout  the 
analysis,  lumped  elements  are  located  along  the  edges  of  the  tetrahedrons. 


1.2  Circuit  Method  #  2 

In  the  second  circuit  method,  S-parameters  of  the  lumped  elements  are  known  and  given  to  the 
system  a  priori.  In  order  to  use  (/  —  V)  relations,  S-parameters  are  converted  to  Z-parameters. 
Referring  to  Fig.l,  the  following  relations  hold 

Vi  =  Znli  4-  ^12/2  (4) 

V2  =  ^21^1  -i-  Z22/2  (5) 

In  the  microstrip  case  Vi  is  the  voltage  between  the  signal  line  and  the  ground.  If  this  is  a 
symmetric  microwave  circuit,  then  Vj  is  equal  to  V2.  7i  and  I2  are  the  currents  flowing  through 
the  conductors  towards  the  element  as  shown  in  Fig.  1.  In  terms  of  field  expressions  Vi,  and 
V2  are  the  line  integrals  of  electric  fields  e\^uated  through  the  edges  from  conductors  to  the 
ground,  /j  and  I2  are  the  closed  line  integrals  of  magnetic  fields  around  the  conductors. 

1.3  Volume  Current  Method 

The  third  method  [7]  uses  the  relation 

J,-  =  aE  (6) 

in  order  to  account  for  the  lumped  elements’  contribution  by  introducing  fictitious  conductivity 
regions  in  the  volume.  The  conductivity  a  in  these  regions  is  given  by 

a  =  1/{Zls)  (7) 

where  Zl,s  and  I  represent  load  impedance  in  ohms(fl),  cross-sectional  area  and  length  of  the 
load  respectively. 
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Figure  1:  Two  port  network  with  Z  parameters 

2  FEM  Formulation 

Starting  with  Maxwell’s  equations,  the  following  w^ave  equation  is  weighted  according  to  Galerkin’s 
method  and  discretized 

V  X  V  X  E  -  (8) 

where  J,-  is  the  impressed  current  source.  Discretization  is  done  in  a  conventional  way  using 
tetrahedral  elements.  The  following  weak  form  of  Mcixwell’s  equations  is  obtained 

/  /  /[(’^  X  E)  •  (V  X  P)  -  w^^icE  •  P]dt;  =  ^  xF)-hds-  J  J  J  ju;/zP  •  3idv  .  (9) 

Expanding  the  electric  field  as  a  summation  of  linear  basis  functions  and  choosing  the  weighting 
function  as  the  same  edge  basis  function  give 

E  =  f;a.W,-  (10) 


P  =  Wj  ,  j  =  (11) 

where  a,-  aj*e  the  unknowns  to  be  determined,  and  W’s  are  the  first  order  edge  based  Whitney 
functions.  For  the  circuit  method  #1  the  first  term  on  the  right  hand  side  of  the  FEM  equation 
(9)  is  expressed  in  such  a  way  that  the  effect  of  the  lumped  element  is  included.  The  resulting 
term  in  the  FEM  equations  becomes 


-  Tc)][J^  E-d\]ds 


where  ei2  is  the  unit  vector  pointing  from  node  1  to  node  2  along  which  the  element  is  placed 
and  Zl  is  the  load  impedance. 

According  to  the  circuit  method  #2,  having  additional  set  of  equations  from  I  ~V  relations 
enables  us  to  write  another  matrix  equation  having  N  unknowns  not  necessarily  being  equal 
to  the  number  of  additional  equations.  By  careful  examination,  elimination  of  some  of  the 
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unknowns,  especially  through,  the  edges  along  which  the  element  is  located,  by  use  of  these 
equations  decreases  the  she  of  the  original  FEM  matrix.  This  matrix  equation  is  solved  using 
iterative  matrix-solving  algorithms. 

The  third  method  uses  the  second  term  on  the  right  hand  side  of  the  FEM  equation  (9)  in 
order  to  introduce  the  effect  of  the  lumped  element  to  the  equations.  The  term  takes  the  form 

,13) 

Similar  to  the  first  method,  this  term  only  contributes  to  the  diagonal  elements  in  the  FEM 
matrix.  The  most  efficient  way  to  solve  these  matrix  equations  is  found  to  be  the  Pre-Conditioned 
Conjugate  Orthogonal  Conjugate  Gradient  (COCG)  Method. 

3  Results 

A  shielded  symmetric  two  port  microstrip  structure  shown  in  Fig.  2  was  examined.  Using  circuit 
method  #  1  and  volume  current  method,  the  case  of  lOOfi  between  the  lines  was  studied.  The 
S  parameters  obtained  out  of  these  two  methods  are  shown  in  Fig.  3.  For  the  results  agreed 
with  theoritical  ones  (|5iij  =  |522|  =  -6.02dB)  quite  reasonably  but  for  S12  they  are  degraded 
in  the  high  frequency  region.  This  might  arise  because  of  circuit  discontinuity  at  the  element 
and  also  insufficient  discretization.  For  circuit  method  2,  the  same  geometry  with  a  PEC 
wire  is  used  in  place  of  the  resistor(Fig.  4).  The  results  are  shown  in  Fig.  5  and  are  in  good 
agreement  with  the  regular  FEM  results. 

A  variety  of  results  involving  complex  arrangement  of  passive  elements  will  be  presented  and 
discussed  at  the  conference. 

4  Conclusions 

Three  different  approaches  have  been  proposed  and  applied  to  the  shielded  two  port  microstrip 
geometry.  These  approaches  can  be  applied  to  similar  geometries  which  include  inductors  and 
capacitors  as  well.  Generalization  of  these  approaches  might  lead  us  to  analyze  structures  having 
active  lumped  elements  and  to  utilize  harmonic  balance  technique  with  FEM. 
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S11  &S12(dB) 


Figure  2:  Shielded  microstrip  circuit  with  Zo  =  50fi,  Cr  =  10.5  w=  O.Sdmm  R  — 
h=0.38mm 
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Figure  3:  S-parameters  of  the  shielded  microstrip  circuit  with  a  resistor 


S11  &S12(dB) 


Figure  4:  Shielded  microstrip  circuit  with  a  PEC  wire  between  the  conductors 
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Figure  5;  S-parameters  of  the  shielded  microstrip  circuit  with  a  PEC  wire 
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1.  Introduction 

Vector  basis  functions  for  representing  electromagnetic  fields  and  currents  have  recently  gained 
popularity  in  finite  element  and  moment  method  algorithms  [1,2].  Vector  functions  are  naturally 
suited  for  modeling  vector  quantities  in  both  2-D  and  3-D  applications.  Nedelec  has  defined  a  general 
class  of  vector  functions  which  reside  on  simplices:  triangles  in  2-D,  tetrahedra  in  3-D  [3].  These 
function  sets  can  be  decomposed  into  two  categories:  curl-conforming  functions  and  divergence- 
conforming  functions  [4],  Curl-conforming  vector  functions  exhibit  tangential  vector  field  continuity 
and,  thus,  have  a  finite  curl.  Divergence-conforming  functions  exhibit  normal  vector  field  continuity 
and  have  a  finite  divergence. 

In  a  particular  computational  model,  the  unknown  quantity  and  the  governing  equations  dictate  the 
choice  between  curl  and  divergence  conforming  vector  functions.  For  example,  the  electric  field 
integral  equation  for  conductors,  in  which  the  surface  current  is  the  unknown  vector  quantity,  contains 
terms  involving  the  divergence  of  the  basis  functions,  but  no  terms  involving  the  curl.  Therefore, 
divergence  conforming  functions  are  the  natural  choice  to  represent  the  current.  Similarly,  in  a  finite 
element  analysis  where  the  electric  or  magnetic  field  is  the  unknown  vector  quantity,  the  vector 
Helmholtz  equation  contains  terms  involving  the  curl  of  the  basis  functions,  but  no  terms  involving  the 
divergence.  In  this  case,  curl-conforming  basis  functions  are  well  suited  to  represent  the  field.  Table 
1  identifies  which  vector  basis  function  set  is  typically  chosen  to  approximate  a  field  with  the  various 
properties  shown. 
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Table  1 

Field  to  Represent 

J 

E,H 

Continuity  Requirement 

Normal 

Tangential 

Derivatives  appearing  in  the 
Governing  Equations 

V. 

Vx 

Basis  Function  Choice 

Divergence  Conforming 

Curl  Conforming 

One  drawback  to  both  types  of  Nedelec  basis  functions  is  that  the  complementary  vector  derivative 
operation  is  not  well  defined.  Divergence-conforming  basis  functions  have  singular  curl,  while  curl- 
conforming  basis  functions  have  singular  divergence.  There  are  several  numerical  formulations  in 
which  computing  both  the  curl  and  the  divergence  of  the  vector  basis  functions  is  required.  For 
example,  integral  equation  formulations  for  scattering  often  use  divergence-conforming  functions  to 
represent  surface  currents.  However,  the  combined  field  integral  equation  requires  both  divergence 
and  curl  operations.  The  singular  curl  of  divergence-conforming  basis  functions  is  problematic. 
Similarly,  vector  finite  element  algorithms  usually  use  curl— confoiming  basis  functions.  However, 
higher-order  radiation  boundary  conditions  applied  within  these  formulations  require  divergence 
computations,  which  are  not  directly  possible  using  curl-conforming  functions.  To  use  Nedelec's 
vector  basis  functions  in  these  examples,  a  method  of  computing  the  problematical  derivatives  is 
needed. 

The  proposed  method  of  computing  these  terms  uses  a  projection  between  the  complementary 
basis  function  sets.  To  compute  the  incompatible  derivatives,  project  one  type  of  basis  function  onto 
the  other,  compute  the  required  derivatives  using  the  conforming  basis  function  set,  and  then  project 
back  to  the  original  basis  set. 

This  paper  develops  a  projection  which  is  exact  for  constant  vector  fields  and  which  retains  the 
curl  and  divergence  of  the  vector  fields  through  the  projection.  Examples  of  projecting  vector 
functions  will  be  presented  which  demonstrate  the  capabilities  of  the  projection.  In  addition, 
computations  similar  to  those  in  the  radiation  boundary  condition  will  be  given  to  validate  the 
projection. 


621 


II.  Basis  Function  Projection 

Curl-conforming  vector  basis  functions  may  be  used  to  approximate  a  vector  field,  A .  At  this 
point,  no  restrictions  are  made  on  the  behavior  or  dimension  of  A .  The  basis  function  representation 
is  expressed  by 

(1) 

i=l 

where  N  is  the  total  number  of  basis  functions  and  ct,  is  the  coefficient  of  the  i-th  curl-conforming 
basis  function,  T’ .  The  number  of  basis  functions  depends  on  the  mesh  used  to  discretize  the  domain 
of  the  vector  field.  Since  Nedelec's  basis  functions  are  interpolatory,  the  curl-coiiforming  coefficients 
may  be  obtained  by  directly  sampling  tangential  components  of  the  vector  field. 

Simultaneously,  divergence-conforming  basis  functions  may  be  used  to  represent  the  same  vector 
field 

(2) 

y=l 

where  Pj  is  the  coefficient  of  the  j-th  divergence-conforming  basis  function,  .  The  total  number  of 
divergence  conforming  functions  is  the  same  as  the  total  number  of  curl  conforming  functions  when 
equivalent  order  basis  flmctions  are  used  on  the  same  mesh.  The  divergence-conforming  coefficients 
may  be  obtained  by  sampling  the  normal  components  of  the  vector  field. 

The  goal  of  this  research  is  to  find  a  projection  between  these  complementary  basis  sets  which  will 
preserve  information  pertaining  to  the  curl  and  divergence  of  the  original  vector  field.  The  forward 
and  backward  projections  will  be  represented  mathematically  by  the  matrices,  P  and  Q.  It  is  necessary 
that  these  matrices  preserve  as  much  information  about  the  original  vector  field  as  possible.  In  other 
words,  if  a  is  chosen  so  that  (1)  is  a  good  approximation,  then  {3=Pa  should  produce  a  good 
approximation  in  Eqn.  (2). 

m.  Conformal  Vector  Basis  Functions 

Nedelecs  conformal  vector  functions  developed  in  [4]  are  mixed  order  functions  and  are 
interpolatory  in  nature.  The  lowest  order  curl-conforming  functions  are  often  called  constant 
tangential,  linear  normal  (CT/LN)  functions  due  to  the  behavior  of  fields  along  cell  boundaries.  There 
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is  one  CT/LN  function  associated  with  each  edge  of  a  finite  element  mesh.  This  association  means 
that  the  field  representation  interpolates  to  the  coefficient  of  the  CT/LN  function  on  that  edge.  The 
equivalent  divergence— comforming  functions  are  often  called  constant  normal,  linear  tangential 
(CN/LT)  functions,  and  are  also  associated  with  mesh  edges.  Higher-order  Nedelec  functions 
interpolate  to  edges,  as  well  as  faces  and  tetrahedra  in  the  finite  element  mesh.  For  a  given  order, 
curl-conforming  functions  are  distributed  on  the  mesh  identically  to  divergence-comforming 
functions,  with  identical  interpolation  points.  In  other  words,  has  the  same  domain  and  the  same 
interpolation  location  as  This  is  the  key  property  which  allows  a  projection  between  the 
complementary  basis  functions. 

To  illustrate  this  point,  consider  the  two  connected  triangular  cells  in  a  2-D  mesh  shown  in  Fig.  1 . 
The  curl— conforming  fimction  on  the  common  edge  is  shown  in  Fig.  1  (a).  This  lowest  order  CT/LN 
function  interpolates  at  the  midpoint  of  each  edge.  In  Fig.  1(b),  the  divergence-comforming  function 
associated  with  the  common  edge  is  shown.  Each  row  in  the  projection  matrix  of  one  basis  set  onto 
another  is  accomplished  by  sampling  a  single  basis  function  of  one  type  with  each  basis  function  of  the 
complementary  type. 

Fig.  1(a)  illustrates  that  each  curl-conforming  function  has  a  possible  normal  component  only  on 
the  five  edges  of  its  two  cell  domain.  The  same  is  true  for  divergence-comforming  functions. 
Therefore,  the  projection  matrices  for  low-order  elements  will  be  sparse:  only  5  non-zero  entries  per 
row.  After  projecting,  the  single  basis  function  in  Fig.  1(a)  will  be  represented  by  five  divergence- 
comforming  functions  shown  in  Fig.  2(a).  Likewise,  the  basis  function  in  Fig.  1(b)  will  project  onto 
the  five  cirrl-conforming  functions  in  Fig.  2(b).  The  projection  spreads  the  influence  of  one  function 
into  neighboring  cells. 

Mathematically,  the  projection  matrices,  P  and  Q,  may  be  formed  by 

(4) 

where  h-  and  t.  are  the  unit  normal  and  unit  tangential  vectors  at  the  midpoint  of  the  i-th  edge,  m. . 
Fig.  3  shows  the  orientation  and  locations  of  the  vectors  in  (3)  and  (4). 
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IV.  Sample  Projections 

To  analyze  the  accuracy  of  the  projection  proposed  above,  a  sample  2-D  mesh  was  constructed. 
Next,  a  constant  vector  field  was  sampled  at  the  midpoints  of  each  edge  to  obtain  the  curl-conforming 
coefficients,  a,  and  the  divergence-conforming  coefficients,  p.  The  projection  matrices  were  then 
formed  using  (3)  and  (4),  and  it  was  verified  that  |5=Pa  and  a=Qp.  Since  both  CT/LN  and  CN/LT 
functions  exactly  model  constant  fields,  this  example  demonstrates  that  the  projection  is  exact  for 
constant  fields.  Fig.  4  illustrates  the  representation  of  a  constant  vector  field. 

Next,  the  polynomial  vector  field 


was  sampled  with  both  basis  function  sets  to  obtain  a  and  p.  Fig.  5(a)  shows  this  field  after  sampling 
with  curl-conforming  functions.  Close  inspection  of  this  field  representation  reveals  the  tangential 
continuity  property  of  curl-conforming  functions  which  allows  curl  operations.  However,  the  normal 
component  discontinuities  evident  in  Fig.  5(a)  reveal  the  difficulty  computing  the  divergence  of  this 
field  representation.  Fig  5(b)  shows  the  divergence-conforming  representation  of  the  field  after  the 
projection,  i.e.  using  Pa.  This  field  representation  has  normal  continuity  which  allows  divergence 
operations.  The  P  coefficients  obtained  fi-om  direct  sampling  of  (5)  differ  from  Pa  by  less  than  a  few 
percent.  Furthermore,  the  divergence  of  the  Pa  representation  closely  approximates  the  divergence  of 
the  original  vector  field. 
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I 


(a)  (b) 

Figure  1.  (a)  A  CT/LN  curl-conforming  element,  (b)  A  CN/LT 
divergence-conforming  element 


(a)  (b) 

Figure  2.  (a)  A  CT/LN  element  projected  onto  divergence- 
conforming  functions,  (b)  A  CN/LT  element  projected 
onto  curl-conforming  functions. 


Figure  4.  The  constant  vector  field,  x  +  y  sampled  by  either  curl- 
conforming  or  divergence-conforming  functions  gives  an 
exact  field  representation.  Also,  the  projections  preserve 
a  constant  field. 
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(b) 


Figure  5.  Two  representations  of  a  quadratic  vector  field:  (a)  the 
CT/LN  curl-conforming  representation  and  (b)  the 
CN/LT  divergence-conforming  representation  projected 
from  (a). 
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Abstract 

Numerical  modelling  of  frequency  dependent  boundary  conditions,  such  as  ferrite  tiles,  using  the 
time-domain  transmission-line  modelling  (TLM)  method  is  discussed.  A  previous  formulation  of 
frequency  dependent  ferrite  tile  boundaries  in  terms  of  second-order  digital  filters  is  extended  so  that 
it  can  be  applied  in  a  graded  TLM  mesh  and  more  general  TLM  schemes  where  the  characteristic 
impedance  of  link  lines  may  differ  from  the  intrinsic  impedance  of  free  space.  A  mathematical 
analysis  is  performed  to  ensure  that  the  proposed  model  is  unconditionally  stable.  The  model  is 
implemented  and  validated  using  different  TLM  schemes  and  different  mesh  gradmgs.  Simulation 
results  showing  the  electric  field  response  in  a  typical  screened  room  configuration  are  presented  to 
demonstrate  the  effectiveness  of  the  method. 


1  Introduction 

It  has  been  long  established  that  the  application  of  ferrites  as  homogeneous  single  layer  absorbers  is 
effective  for  the  frequency  range  of  20  MHz  to  2  GHz.  This  feature  makes  ferrite  tiles  the  standard 
absorbing  material  (RAM)  for  lining  anechoic  chambers  used  for  electromagnetic  compatibility  (EMC) 
measurements  and  testing  [l]-[4].  The  factors  that  determine  a  ferrite  tile’s  absorbing  characteristics 
are  its  geometry,  in  particular  its  thickness,  and  its  intrinsic  electromagnetic  parameters.  The  relative 
permittivity  (e^)  of  ferrite  materials  is  assumed  real  and  constant  for  the  frequency  range  of  interest.  The 
relative  permeability  (Hr)  of  ferrite  materials  is  a  function  of  frequency  and  a  first  order  Laplace  function 
provides  a  good  approximation  over  the  frequency  range  [2]: 

=  i  +  (1) 

1  +  — 

Wr 

where  ijlto  is  the  dc  permeability  of  the  material,  Wr  =  27r/r  is  the  angular  frequency  at  which  the  real  and 
imaginary  parts  of  the  susceptibility  are  equal  in  magnitude  (the  Debye  frequency)  and  s  is  the  complex 
frequency.  The  frequency  response  is  obtained  by  the  substitution  s—juj. 
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frequency  (MHz) 


Figure  1 :  Return  loss  of  a  flat  ferrite  tile 


The  reflection  coefficient  T  of  a  flat  tile  with  thickness  A  with  a  perfect  electric  conductor  (PEC) 
backed  rear  face  can  be  determined  from  transmission-line  theory  [4]: 


-  r/(5)  -  exp(-27(s)A) 
l-r/(s)exp(-27(s)A) 


(2) 


where  r/(s)  describes  the  reflectivity  of  the  front  face  of  the  tile  and  7(5)  is  the  propagation  constant  of 
the  tile.  These  are  defined  as: 

r/(s)  =  ^  7(s)  =  f^oflr{s)£o£r  (3) 

yl^r{s)  + 

The  expressions  (l)-(3)  show  that  the  reflectivity  of  the  ferrite  tile  is  a  function  of  the  complex  frequency. 
The  analytical  return  loss,  defined  as  201og|r(s)|  (dB),  for  a  typical  flat  tile  of  depth  A  =  6.3mm, 
cr  =  12,  fMro  =  1051  and  fr  =  7.06MHz,  is  calculated  using  (l)-(3)  and  plotted  in  Figure  1  (solid  line). 

Based  on  the  observation  that  the  tile  reflectivity  can  be  approximated  with  a  second  order  band- 
reject  filter,  the  basic  scheme  for  description  of  a  ferrite  tile  boundary  condition  in  the  Transmission 
Line  Modelling  (JIM)  method  [5]  was  established  in  Reference  [3].  This  ferrite  tile  model  [3, 4]  was 
developed  for  application  to  the  basic  12-port  TLM  symmetrical  condensed  node  (SCN),  but  cannot  be 
applied  to  a  graded  mesh  or  for  advanced  nodes.  The  graded  mesh,  which  contains  cells  of  different 
aspect  ratios,  is  used  to  represent  smaller  features  in  an  otherwise  large  modelling  space  (e.g.  a  screened 
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room)  in  order  to  minimize  the  computational  memory  and  run-time  demands.  To  further  reduce  the 
computational  effort,  advanced  TLM  schemes,  such  as  the  hybrid  [6],  supercondensed  [7]  and  other 
schemes  derivable  from  the  General  Symmetrical  Condensed  Node  (GSCN)  [8],  have  been  recently 
introduced.  In  these  nodes,  the  characteristic  impedance  of  the  link  lines  is  in  general  different  from 
the  intrinsic  impedance  of  free  space.  Hence,  pulses  travelling  along  the  link  lines  connecting  to  the 
boundary  encounter  a  different  reflection  coefficient  than  that  described  by  equation  (2)  thus  requiring 
an  extension  to  the  original  approach  [3,  4].  The  generalization  of  the  existing  ferrite  tile  formulation 
for  TLM  is  the  main  topic  of  this  paper. 


2  Approximations  to  the  Ferrite  TUe  Reflectivity  Function 


As  shown  in  [3],  the  ferrite  tile  reflectivity  can  be  approximated  with  a  second  order  transfer  function: 


F{s)  =  - 


+  2s<^0Jri  + 
k{s  +  d) 


(4) 


where  ojn  =  27:  fn  is  the  undamped  natural  frequency  (i.e.  the  frequency  of  the  reflection  coefficient 
minimum),  (  is  the  damping  ratio,  d  is  the  pole  frequency  and  k  is  the  parameter  chosen  to  give  F{0)  = 
-1.  The  filter  characteristics  are  obtained  from  the  reflection  coefficient  magnitudes  of  p^am  given  at  ujn 
and  pti  given  at  the  highest  frequency  of  interest,  =  2?:/^.  This  transfer  function  is  unbounded  as 
s  ->■  00  and  will  become  unstable  with  high-frequency  excitation.  In  TLM,  the  highest  frequency  excited 
is  dependent  on  the  type  of  the  excitation  as  well  as  on  the  time  step.  Hence,  when  modelling  ferrite 
tiles  with  transfer  function  (4)  the  parameters  of  the  mesh  and  the  excitation  must  be  chosen  so  as  not  to 
excite  angular  frequencies  greater  than  k.  This  condition  poses  serious  restrictions  when  modelling  fine 
meshes  which  have  small  time  steps. 

As  shown  in  [4],  to  provide  a  bounded  infinite  frequency  response,  another  pole  is  incorporated 
into  (4): 

F(s)  =  ~p. 

Assuming  a  wide  separation  between  the  poles  and  zeros  in  the  complex  plane,  and  taking  e  and  d  as 
real  positive  numbers,  the  following  approximations  are  valid: 


+  2sCa;„  -f-  ojI 
{s-\-d){s  +  e) 


(P  «  ai,  »  oil,  u>l  » 


(6) 


At  dc  (s  — 0)  physical  arguments  require  that  the  reflection  coefficient  tends  to  —1,  therefore: 


limF(s)  =  - 


Ph<^l 

de 


=  -1 


In  the  Fourier  domain  (s  =  ju;),  and  taking  into  account  the  approximations  (6),  it  also  follows: 


lF(ju;n)|  —  Pmin 


2phC^n 

e 


\F{juJu)\  =  Pu 


+  ^2 


(7) 

(8) 

(9) 
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The  high  frequency  pole  e  is  determined  from  (9)  as: 


e  =  iJu 

while  from  (7)  and  (8)  it  follows: 

d 

e 

r  ^  (12) 

2u)nPh 

Therefore,  from  (10)-(12),  the  poles  e  and  d  and  the  damping  factor  C  can  be  obtained  from  u)n,  oJu, 
Pmin,  Pu  and  ph,  which  are  given  by  the  analytical  solution  of  (2)  or  from  the  measured  data.  Note  that 
for  s  oo  we  have 

lim  F{s)  =  -ph  (13) 

hence,  ph  represents  the  amplitude  of  the  reflection  coefficient  at  infinite  frequency.  By  studying  equa¬ 
tions  (l)-(3)  and  the  analytical  plot  in  Figure  1,  we  can  see  that  at  high  frequencies,  the  reflection 
coefficient  T  oscillates  around  p/j  =  (1  -  y/E^)/{\  ^/e^)  due  to  the  layer  effect  of  the  tile. 

For  the  typical  ferrite,  with  Sr  =  12,  we  find  ph  ~  0.552.  Also,  it  can  be  found  from  the  analytical 
expression  plotted  in  Figure  1  that  the  reflection  minimum  of  Pmin  =  0.01  occurs  at  /„  =  135MHz, 
while  at  /„  =  IGHz,  pu  =  0.1862.  Using  these  values  in  (10)-(12)  and  (5),  we  obtain  the  transfer 
function  Fi{s)  which  is  plotted  in  Figure  1  using  broken  lines.  It  can  be  seen  from  the  figure  that  i^i(s) 
is  indistinguishable  from  the  analytical  reflectivity  up  to  IGHz.  The  measured  data  [3]  for  this  tile  is  also 
plotted  in  Figure  1,  using  box  symbols.  As  can  be  seen,  a  close  fit  has  been  obtained  between  the  mea¬ 
sured  data  and  the  filter  approximation  Fi(s),  although  a  slight  discrepancy  is  noted  around  the  reflection 
minimum.  This  is  due  to  the  fact  that  expression  (1)  is  only  an  approximation  to  the  true  permeability 
function  and  due  to  the  error  margin  of  the  measured  data.  Another  second-order  approximation,  ^2(5), 
used  in  references  [3,  4],  plotted  in  Figure  1  using  dot-dash  lines,  takes  /„  =  150MHz  in  order  to  fit 
the  measured  data  values  around  the  reflection  minimum.  However,  this  advantage  is  offset  by  a  larger 
deviation  from  the  measured  data  in  the  frequency  range  below  lOOMHz,  as  seen  from  the  figure. 

A  better  fit  to  the  measured  data  can  be  achieved  by  the  use  of  higher-order  filters  which  require  the 
expense  of  extra  storage  and  run-time.  Design  of  such  higher-order  filters  is  currently  being  investigated 
for  application  to  grid  tiles.  These  tiles  have  a  reflectivity  which  cannot  be  described  very  accurately 
using  the  second-order  approximation  [3, 4],  considered  here. 


-1 
Pu 


Ph^^l 


(10) 


(II) 


3  Application  to  the  General  TLM  Schemes 

Following  the  principles  described  in  [4],  the  continuous  function  F{s)  is  approximated  with  a  discrete 
function  H{Z)  (where  Z  is  the  time  shift  operator)  compatible  with  the  sampled  nature  of  the  TLM 
paradigm.  However,  function  F{s)  can  only  be  used  to  find  H{Z)  in  TLM  models  using  a  uniform 
mesh  (i.e.  cubic  cells)  and  with  impedance  of  link  lines  equal  to  that  of  free-space.  For  general  cases,  an 
additional  transformation  of  F{s)  is  required  as  described  below. 
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For  a  plane  wave  propagating  in  the  z-direction  in  free-space,  with  transverse  field  components  Ej 
and  Hk,  (where  z,  j,  k  e  {x,  y,  z}  and  i,j  ^  k)  the  total  capacitance  Cj  and  the  total  inductance  Lk,  of 
the  block  of  space  modelled  by  the  TLM  cell,  are: 


Cj  —  Eq 


Lk  = 


The  intrinsic  impedance  of  the  medium  seen  by  such  a  wave  is  defined  by 

_  j  Ek  f A^O  y 

y  “  V  c'j  ~  V  ^0 

and  the  termination  resistance  Rij{s),  required  to  give  the  desired  reflection  coefficient  F{s),  is  obtained 
from 

to  give 

Ri  (s)  =  ^ 

The  z-directed,  ;-polarized  link  line  reflection  coefficient,  Pij{s),  is  then  found  by  terminating  the  line  of 
characteristic  impedance  Zij  with  this  same  resistance: 

^  Rijis)  +  Zij  [1  + F’(5)]  ■+ Q;[l  -  F(s)] 

where  a  =  ZijfZ^.  Therefore,  the  reflection  coefficient  of  a  link  line  of  general  impedance  Z^j  is  given 
by  the  function  py(s)  which  is  equal  to  F(s)  only  when  a  =  1,  that  is  when  Aj  —  Ak  and  Zij  -  Zq. 
So  for  the  general  case,  the  transfer  function  py  (s)  is  dependent  on  the  polarization  and  characteristic 
impedance  of  the  link  line. 

Inserting  (5)  into  (14)  and  making  use  of  (11)  and  (12)  we  obtain: 

p  +  +  Ai  (5  -  zi)(s  -  za) 


A2S^  +  B2S  +  C  ^2  {s  -  pi){s  -  P2) 


Ai,2  —  q;(1 +  p/i)  T  (1  -  Pa) 

Bi,2  =  a[£^  +  e(l  +  p„i„)]=F[d  +  e(l-pn,iJ] 

C  =  2otphU}^ 

The  revised  poles  and  zeros  are  obtained  from  the  solution  of  the  quadratics: 


Zl,2  = 


Pi, 2  — 


~Bi  ±  yjBl  -  4.A1C 
-B2  ±  Jbi  -  4A2C 
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The  stability  condition  for  Py  (s)  requires  that  real  parts  of  the  poles  are  always  negative,  Tl{pi,2)  <  0, 
which  is  satisfied  if  A2,  B2  and  C  are  positive,  as  verified  in  (16H18). 

The  continuous  function  py  (s)  is  converted  to  the  discrete  time  function,  with  the  time  step  T,  using 
the  transformations  s  ->  Z,  zi,2  ->  exp(2:i,2r)  andpi,2  — >■  exp(pi,2T')  to  give: 

~  1  -  Z-iai  - 

where  coefficients  ai,  a2,  61  and  &2  are: 

Cl  =  exp(piT)  +  exp(p2T)  as  =  ~  expCpiT  +  P2T) 

61  =  -6o(exp(2riT)  +  exp(22T))  62  =  &o  exp(2ir  +  Z2T) 

while  60  is  determined  from  the  impulse  invariant  condition  applied  at  dc: 

limpy(s)  =  =  -1 

The  implementation  of  this  second-order  digital  filter  in  TLM  is  described  in  [3,  4].  Following  a 
schematic  of  the  second-order  digital  filter  section  [3, 4],  a  voltage  pulse  nV'^  reflected  from  the  boundary 
at  the  time  step  n  is  efficiently  calculated  from  the  incident  pulse  and  two  other  quantities,  n-1^0 
and  n-2^o>  saved  from  the  two  previous  time  steps,  using  the  following  algorithm: 

nVo  -4-  nV"*  +  fll  n-1^0  +  02  ^-2^0 

nV^  <r-  bo  n-lH  +  ^2  n-2l^0 

This  procedure  requires  storage  and  update  of  n_iVo  and  n-2^  for  each  link  line  adjacent  to  the  ferrite 
tile  boundary. 


4  Validation  and  Simulation  Results 


Using  the  formulation  established  in  the  previous  section,  we  have  implemented  the  ferrite  tile  boundary 
conditions  into  a  general  TLM  solver.  The  validation  of  the  new  algorithm  was  performed  by  simulating 
return  loss  of  the  flat  ferrite  tile  using  different  TLM  schemes  and  using  nodes  with  different  aspect 
ratios.  The  results  were  then  compared  with  those  obtained  by  a  uniform  mesh  SCN  and  with  the 
analytic  plot  of  the  transfer  function.  The  simulated  return  loss  is  calculated  from 


20  log 


E,{f)  -  Eoif) 

Eoif) 


where  Ei{f)  and  Eo{f)  are  the  frequency  response  of  total  electric  field  with  and  without  the  presence 
of  the  ferrite  tile  boundary,  respectively.  In  the  latter  case,  unbounded  space  was  simulated  by  means 
of  simple  matching  boundary  condition  [7].  As  an  example,  simulation  results  of  the  return  loss  of  a 
plane  wave  travelling  along  the  x  direction,  using  SCN  with  Al  =  2.5cm,  HSCN  with  Aa:  =  5cm 
and  Ay  =  Az  ~  2.5cm,  and  SSCN  with  Aar  =  2.5cm,  Ay  =  5cm  and  Az  =  1.5cm  are  compared  in 
Figure  2.  Excellent  agreement  between  the  results  can  be  noted  from  the  figure.  The  small  differences  are 


0 


Figure  2:  Simulation  of  the  return  loss 


due  to  different  dispersion  properties  of  the  nodes  and  due  to  the  simulation  error  of  matched  boundaries 
for  graded  nodes. 

Figure  3  shows  the  electric  field  impulse  response  of  a  typical  screened  room  (7.2m  x  3.6m  x  2.4m) 
with  various  linings  and  using  identical  excitations.  The  solid  line  (PEC  room)  shows  the  resonant 
modes  of  an  untiled  room.  The  short-dash  line  shows  the  response  of  the  room  fully  lined  with  tiles  and 
indicates  the  damping  which  can  be  achieved  using  ferrite  tiles.  It  is  often  not  economically  viable  to 
completely  line  a  large  room  with  tiles,  but  it  is  possible  to  damp  a  room  effectively  by  placing  tiles  at 
the  positions  of  the  magnetic  field  maxima.  The  long-dash  line  shows  the  room  response  with  120cm 
width  crosses  on  all  walls.  As  can  be  seen,  the  room  with  crosses  provides  similar  damping  to  the  fully 
lined  room  with  approximately  half  the  number  of  tiles. 


5  Conclusions 

A  generalization  of  the  modelling  of  frequency  dependent  ferrite  tile  boundary  conditions  using  time- 
domain  TLM  was  presented.  A  general  second-order  transfer  function,  which  takes  into  account  dif¬ 
ferent  node  gradings  and  arbitrary  link  line  characteristic  impedance,  was  developed  and  implemented 
using  digital  filter  methods.  The  presented  formulation  was  shown  to  be  unconditionally  stable.  The 
simulation  results  using  different  TLM  condensed  nodes  indicated  good  agreement  with  the  analytical 
and  measured  data. 
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Abstract  The  transmission  line  matrix  method  (TLM)  is  a  numericalxtechnique  in  the  time  domain  for  soKing 
electromagnetic  problems  which,  since  its  establishment  in  1970  by  P.  B.  Johns,  has  shown  its  power  and  versatility. 
It  has  been,  and  still  is,  a  wide  field  of  research,  allowing  the  method  to  treat  more  and  more  general  problems.  One 
of  the  points  of  recent  interest  lies  on  the  modeling  of  material  media  with  complex  electromagnetic  properties.  In 
this  paper  we  present  some  extensions  for  the  treatment  of  frequency-  dispersive  media  and  anisotropic  media, 
starting  from  the  description  of  the  properties  of  such  media  in  the  TLM  network  through  additional  voltage  sources 
w'hich  accoxmts  for  the  part  of  the  beha\ior  not  included  in  the  classic  TLM  algorithm. 

1- INTRODUCTION. 

In  the  last  few  years,  there  is  a  remarkable  effort  to  enlarge  the  TLM  capabilities  for  the  analysis  of  media  with 
complex  characteristics  [2].  This  is  the  case  of  frequency'  dispersive  media  [15-19,26J  and  anisotropic  media  [6- 
9.24,25].  In  the  first  case,  the  usual  description  of  such  a  material  is  presented  in  the  frequency  domain,  so  it  is  not 
possible  a  direct  inclusion  of  its  beha\'ior  in  the  TLM  algorithm,  being  a  time  domain  method.  For  the  second  case, 
the  tensorial  description  of  the  media,  which  produces  a  coupling  betw  een  the  field  components,  makes  difficult  to 
include  it  in  the  TLM  mesh,  strongly  dependent  on  the  synchronism  and  the  geometry  of  the  basic  network. 

Nevertheless,  TLM  is  a  flexible  tool  and,  in  many  cases,  allows  the  modeling  through  additional  circuit  elements  in 
the  basic  node.  This  is  the  case  of  [16]where  nonlinear  and  dispersive  media  can  be  modeled  by  the  inclusion  of 
nonlinear  loads  coimected  to  2D  nodes.  On  the  other  hand,  relevant  ideas  developed  for  other  time-domain 
techniques,  such  as  FDTD  [10-14],  can  be  modified  and  applied  successfully  to  the  TLM  method. 

In  this  work,  we  concentrate  on  the  modeling  of  anisotropic  and  dispersive  media  using  additional  voltage  sources  in 
the  basic  node,  which  accounts  for  the  properties  of  the  media  not  described  in  the  basic  network.  The  starting  point, 
in  every  case,  is  to  discretize  the  field  equations  (i.e.  Max-well  equations  or  wave  equation)  for  a  field  component  of 
interest,  then  we  include  the  time  domain  description  of  the  media  properties  and  finally  ,  we  compare  with  the 
equations  modeled  by  TLM.  The  terms  in  the  field  equations  ha\dng  not  an  analogy  in  the  TLM  equations  are 
included  through  a  voltage  source  in  each  node  on  the  media,  and  are  updated  each  time  iteration.  For  the  dispersive 
case,  in  which  the  response  depends  on  the  previous  instants,  it  implies  the  summation  of  the  responses  from  the  first 
time  step.  So,  a  very  high  CPU  time  and  memory'  storage  will  be  needed.  Fortunately,  the  techniques  for  recuisi\'e 
convolution  [21-23]  can.  in  most  cases,  simplify  and  reduce  this  task. 

For  the  anisotropic  case,  considering  the  general  non-dispersive  case  of  non-diagonal  anisotropy  over  the  axis  of  the 
mesh,  there  is  no  need  of  storing  the  response  on  the  previous  time  steps,  but  to  describe  the  different  properties  of 
the  medium  along  the  axis.  This  is  achiev'ed  through  meshes  with  different  admittances  in  each  direction  and  voltage 
sources  accounting  for  the  cross-coupling  of  the  field  components. 

2  -  ANISOTROPIC  MEDIA.  2D  MODELING. 

The  modeling  of  anisotropic  non-dispersive  media  in  TLM  has  been  done,  in  the  case  where  the  medium  is  described 
by  a  diagonal  tensor  [2,4-9]  on  the  TLM  mesh  axis,  with  the  addition  of  stubs,  associated  to  the  principal  values  of 
the  tensor.  It  is  possible  to  model  it  with  a  variable  mesh  or  through  the  intercoimection  of  different  lines  (i.e. 
different  characteristic  admittance  for  each  arm  on  the  node).  For  the  general  case  of  non-diagonal  tensors,  we  write 
down  a  field  equation  for  a  component  affected  by  the  medium  properties:  i.e.  if  we  deal  with  TE  modes,  the  wave 
equation  for  Hz  is; 


a^Hz  a-^Hz  a^Hz  /  ,  \5^Hz 

axay'  -^osoiexxEyy -£xy) 


(1) 
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which  can  be  discretized  in  finite  differences  as: 


;H,(ij)  = 


S  ^  ' 

Hz(i  +  i.j)+kHz(i-/j)+;^kHz(iJ  +  7)+^kHz(iJ-y) 

bvr 


(2) 


-k-;Hz(ij)  +  " 


2(sxx^y\-  J 


r^~xv  k  Hz(i,j) 


here.  represents  the  discrete  cross-derivative.  Let  us  consider  the  basic  node  as  a  shunt-node  with  characteristic 
admittances  Y*,  Yy.  permittiviU'  stub  Yo  and  a  series  source  V,.  The  total  potential  V^.  equivalent  to  modeled  by 
this  node  is: 


ktjV;(i,  j)  -  ,  - [YvkVz(i,  j  -  /)  +  Y,kVz(i  -  j)  +  YykV,(i,  j  +  ;)  +  Y,kV^(i  +  i,  j)]  - 

2(Yx +Yy)  +  Yo  ' 

-k-;V2(ij)+k+;Vs(i.j)-k-./Vs(ij) 


(3) 


If  we  compare  it  to  (2),  after  normalization  relative  to  Yx  (i.e.  Yx=l,  Yy=exx/%),  then: 


1 

1  T 

-  ;+ — 
Ejjx  J 

(4) 


w'here  it  can  be  seen  that  (4)  reduces  to  the  diagonal  case  if  Cxy— 0.  and  to  the  isotropic  case  if  Sxx-Syy-  Furthermore,  Vj 
must  verifv" 


k+;Vs(i, j)=k-;Vs{i, j)  +  2  ^'xTkVzli, j) 

^xx^y>  ^x>' 


(5) 


where  it  must  be  pointed  out  that  Ax^.'  is  computed  with  centered  differences  except  for  the  cases  of  nodes  adjacent  to 
the  boundaries  of  the  structure,  where  advanced  or  retarded  differences  have  to  be  used  [24], 


The  case  of  non-homogeneous  media  only  requires  to  pay  attention  to  the  reflection  coefficients  on  the  interfaces,  the 
propagation  velocities  being  correctly  implemented  due  to  the  presence  of  the  stubs.  For  this  case,  we  include 
reflection  coefficients  as: 


J 


rxz  = 


Exx 


; 


(6) 


for  interfaces  on  XZ  and  YZ  planes  respectively. 

3.-  ANISOTROPIC  MEDIA.  3D  MODELING. 

Anisotropic  medium  has  been  modeled  in  3D  for  the  cases  of  diagonal  tensors  and  even  general  non-diagonal  cases. 
We  propose  a  way  based  on  HSCN  nodes  [1,3],  for  it  has  the  advantages  of  unequal  arms  and  source  ports.  Now^  we 
start  from  Maxwell  curl  equations,  i.e: 

SH,  5Hy  SE,  aEy  5Ez 

oy  (7z  at  ^  01 

and  similar  expressions  for  the  other  components.  The  diagonal  terms  Zxx,  %  and  £22,  can  be  accounted  adding 
permittivity  stubs. 
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The  required  capacitance  is  C^=&^.AyAz/Ax  then  leading  to  a  stub  admittance  of: 


AyAz 

AxAL 


AL((Ay)’  +(Az)’] 
AxAyAz 


(8) 


and  similar  expressions  for  y  and  z. 


If  we  introduce  additional  sources  through  ports  16,  17  and  18  as  incident  voltages  'V\6='^sn,  and  equivalent  sources 
for  Vn'  and  Vig',  then,  we  can  write,  for  instance,  for  the  shunt  connection  on  the  plane  YZ  [1]: 


ly  +  I2  +Is)  ■*" 


+  =C. 


s(v,-v„) 


which  models  the  equation  (7)  if  we  choose  ; 


(9) 


(10) 


The  same  treatment  can  be  done  for  V^.  and 

3.1.-  Boundaries  in  3D. 


As  long  as  the  permitti\ity  depends  on  the  direction  of  the  fields,  the  absorbing  boundaries  must  be  treated  carefully. 
Consider,  for  instance,  the  line  #9  with  x-polarization  and  y-propagation.  The  space  impedance  is  [24]; 


Z  = 


=  Zo 


Ay 

Ax 


(11) 


and  Zj.=Zo.  AyAz/ALAx,  so  the  reflection  coefficient  for  an  absorbing  boundary  will  be: 


.h,  z-z, 

P9  ry  ,y  .j  t -  , 

For  oblique  incidence,  we  can  improve  the  boundary'  condition  using,  for  an  incidence  angle  of  d>,  Zx=Zc>/cos<t>,  and 
similar  expressions  for  Z,,  Zz. 

4.-  DISPERSIVE  MEDIA. 


For  a  dispersive,  linear  medium,  we  must  express  the  relationship  between  the  field  vectors,  say  D  and  E  for  the 
dielectric  case,  in  time  domain  through  the  causality  principle.  This  means  a  convolution  integral  as; 


'D(t)  =  zo  £*,£{0  +{es  -eoo)j“E(t-T)g(T)dT 


(13) 


where  s,,  e«)  are  the  static  and  the  high  frequency  permittivities,  respectively,  and  g(T)  the  response  function.  Taking 
into  account  that  it  is  the  temporal  part  of  the  response  the  most  relevant  in  the  behavior  of  the  medium,  we 
discretice  it,  denoting  only  the  time  dependence; 


kD  =  e(7 


k-y 

S«kE+  ZXnk-nE 

n=0 


(14) 
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where  we  have  used  the  definition  of  a  generalized  electrical  susceptibility  as  [1 1]; 

In  -Xco)g('t)dT 


(15) 


4.1.-  2D  models. 


Starting  fi-om  the  curl  Maxwell  equations,  we  can  wTite  a  finite  difference  equation  relating  D  and  E  components 
and.  with  the  use  of  (14)  a  equation  for  each  component  of  E  as: 


k+;EriJ,)  = 


f  kEri  +  7,j;+kE('i“-(.j.)+kEriJ  +  ^>kE('iJ-^>] 

^  +YokErij; — j-k-/Erij; 

4+Yo  !  -lo\4v.'^C^.  'i)-2  k-vE^j;] 

i  k-; 

-2  1  k-nE('iJ4Xn+;+)Cn-7-^y.i.J 

I  n=D 


(16) 


where  Yo=4(ex+Xo-l)-  If  we  compare  it  with  the  total  transversal  voltage  equation  in  TLM  for  a  shunt  stubbed  node, 
with  a  series  source  [15]: 


k+;Vzrij; 


,  kVzTi  -  A  j^+kVzri +i.j;+kVzrij  -  ^)+kVzrij+ 

— — — i  4  +  Y/1  ^ 

[  +YokVzrij;~— 2“k-;Vzri,j;  J 

+k+-Vsrij;-k-;Vsaj; 


(17) 


and  w  e  compare  it  to  the  field  equation,  then  we  conclude  that  the  value  of  the  stub  is  Yo-4(er-l)  and  the  source  must 
verifi’: 


k+7Vsri.j;=k-7V3ri.j;- 


4 

4  +  Yo 


k-nV2rij;(Xn+;  +  ln-l  "^Xn)] 


(18) 


thus  giving  us  an  iterative  way  of  computing  the  source  starting  from  the  previous  values.  The  modeling  is  completed 
with  the  calculation  of  Xn,  w'hich  depends  on  the  behavior  of  the  medium. 

4.1.1.-  Debye  media. 

In  this  case,  the  frequency-  domain  electric  susceptibility  is 


X* 


=  Xco  + 


Xs-X« 
7  + jcoT 


(19) 


T  being  the  relaxation  time.  So,  Xn=(Xs-Xoc)e''^^^(l-  e'^*^^°)  where  a  At«T  discretization  is  required.  It  can  be  easih^ 
seen  that,  for  this  case,  Xn  can  be  computed  recursively,  as  long  as  Xn=  e’*‘'^°Xi>-i  •  If  we  call 

kSumrij;=  i  k-nVzri.jXXn+i  +Xn-7  --^Xn)  (20) 

n-O 


then: 


4 

4  +  Yo 


{xoI-^kVz  (li)- 


k-/V2rij;]+kSumrij;} 


k+i^s  j^-k-;Ys  (i,jj  - 


(21) 


4.1.2.-  Lorentz  media  (2iid  order).  [11-13] 

Now,  the  electric  susceptibility  is: 


7.  =Xoo+- 


(Xs  -7.0,  Mo~ 
(SiQ~  -CO^  -hj25()G> 


(22) 


with  damping  factor  and  cOo  resonance  frequencj-.  This  leads  to  a  expression  for  Xn  as; 

sinrnpAt;[5o  -e“^f>^(5o  co5(pAt}-  psin(pAt))] 

+co5r npAt;[  p  -  e ( 5 osin{  pAt)  +  p cos{  pAt))] 

with  p=  (coo'  -  Now  we  cannot  directly  compute  it  in  a  recursive  waj',  but  we  can  perform  the  summation  onJv 
until  n=N,  not  until  (k-1),  for  high  values  of  k.  This  means  that  the  time  response  of  the  dielectric  its  affected  only  by 
the  ver}'  late  values  of  the  electric  field,  and  we  can  neglect  the  early  ones.  With  a  complex  definition  of  the  electric 
susceptibiliri  as; 


where: 

A;  =5^  cos(pAt)  -  psin(pAt)) 

A  2  =p-e“^o^^(6osin(pAt}  +  Pcos{pAt)) 


(24) 


(25) 


we  can  write  now  *  in  a  recursive  wa)'  as  then  taking  the  real  part  of  it.  Now  : 

+  jA ,)k-7Vy rij;|  (26) 

if  we  use  constant  recursive  convolution.  (CRC).  Also,  we  can  use  trapezoidal  recursive  convolution  (TRC)  [21-23]. 
4.1.3.-  Cold  plasmas.  [5,14.27] 

For  this  case,  the  frequenc}^  domain  susceptibilify  is  [14]: 


X  =- 


)(jcOc  -a) 


(27) 


with  cop  plasma  frequency,  co^  collisions  frequenc>-.  For  the  corresponding  time  domain  expression,  (27)  presents  a 
singular  point  at  (a=0,  then  not  allowing  a  causal  expression  for  x('^)-  Nevertheless,  contouring  this  singulariy  ,  we 
can  obtain: 


x(t)  =  — 

COc  ‘  ^ 

with  U(t)=1  if  t>0  and  0  elsewhere.  Now,  for  y^: 

Xn=;^At_[^^J  {7-e-“cAtJe-no>cAt 


(28) 


(29) 
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which  can  be  computed  with  constant  recursive  convolution,  as; 


(30) 


4.1.4.-  Fourth  order  media. 

In  this  case,  w'e  choose  a  representation  as  two  2nd  order  Lorentz  resonances  with  frequencies  coi  and  CO2,  damping 
factors  5j  and  82  and  w'eights  pi  and  p2,  as  [12]: 


,  P/tO;-  P2^2~ 

X  =Xoo+('Xs-x«>>' — 3 — 3 — r;; — +“2  2 , 

CO;^ -CD^+ j26y©  ©  7^ -©“  +  j252©  J 


(31) 


and  now'  it  is  eas>'  to  obtain  yji=PiXiii'''P2Xn2,  Xn;,  Xn2  being  the  susceptibilities  associated  with  each  2nd  order  Lorentz 
mechanism.  The  recursive  technique  is  then  identical  to  the  2nd  order  case  and  we  can  write  kSumfi  j)  =  pi  kSum;(i  j) 
+  p2icSum2(ij)  each  corresponding  to  the  2nd  order  case, 

4.1.5.-  Distributed  relaxation  times. 

This  case  corresponds  to  Debye  relaxation  mechanisms  with  distributed  relaxation  times  given  by  a  function  y(T)  as: 


,  f«  y(t)dT 

TTj^ 


(32) 


w  here  different  models  for  yfx)  exists,  each  trying  to  adjust  a  realistic  response  of  a  wide  varietv’  of  media.  We  choose 
the  Cole-Davidson  model,  giving  a  distribution  of  growing  importance  as  the  frequency  decreases  from  a  value  1/xc: 


y(x)  =  - 


k)(  X  'T 


n  Uo-x, 

y('c)  =  0  . 


,  X<X(9 

X  >Xo 


The  frequency  domain  susceptibility  is  now: 


X  =X«  + 


Xs  Xoo 


and  the  time  domain  susceptibility: 


X('r)  = 


(;+j©X(,)“ 

{xs-Xcc)T«-'e-/^o 


r(a)x^ 

Unfortunately,  (35)  does  not  allow  to  compute  the  integral  in  a  closed  form,  so  we  approximate  Xn  as: 

Xjj  sx(nAt)^t  Of’  alternatively  Xjq  syH  n+-jjAtjAt 


(33) 


(34) 


(35) 


(36) 


4.2.-  3D  models. 

The  main  part  of  the  3D  modeling  is  almost  solved,  because  the  behavior  of  the  dielectric  is  described  in  time 
domain  through  a  convolution  integral  of  its  frequency  domain  expression.  We  only  need  to  model  the  introduction 
of  the  corresponding  sources  in  a  3D  node.  If  we  choose,  as  in  the  anisotropic  case,  a  HSCN  node  [1],  with  equal 
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characteristic  admittances  for  each  direction,  and  we  add  voltage  sources  Vjx,  through  ports  16,  17  and  18. 

then  for  we  can  write,  for  each  point  (ij,l); 


kVx^T-^lkVj+.Vi+kVi+tVj.+Y,  kVj,)+— (37) 
44-Yx  + 

as  a  function  of  incident  potentials,  where  the  charge  conserv'ation  has  been  used  at  the  node,  and  similar  expressions 
for  Vsy.  Vsz.  Now,  we  must  find  the  source  definition.  To  do  this,  we  use  the  Maxwell  curl  equation  for  D,,: 

dD^  aHz  dUy 

dt  d\'  dz 

The  finite  difference  form  of  the  HSCN  mesh  equations  can  be  expressed  as  [20]; 


~  I  kVp  fi.  j.lj-k+;'Vp('i,  j,u|=k+//2lypfi. 

:  [  k  VJ2  ("* '  j’  ^ k+ J ^72  ^"i,  j.  u|  =  k+7,  2 1 z ; 2  f  i .  j -  U 


then,  the  total  value  of  Vv  is; 


k+/Vxri.j.u=kVxri,j.u+-^{k+;V,,rij.i+kVsxrij.i;) 

2Zo  ^ 

+  «s|k+7/2lz;2  ZJ2  0+k+l/2^y9(^<}^)\ 

4  + Yx 

If  we  compare  it  with  the  discretized  field  equation  for  (using  Yee’s  algorithm)  we  obtain,  for  the  constant 
convolution  case; 

Xol-^  +  Yj)  ■<  +  Y5  k-<  ,  , 

k*;V,  =-kV. - - - - Z  -X  J  (41) 

Soo+Xo  Scc+XCln=0 

for  each  point  (ij,l)  and  similar  expression  for  TC.  The  other  sources  Vjy  and  are  computed  in  the  same  way. 

5.-  RESULTS. 

We  present  some  of  the  results  obtained  with  the  proposed  algorithms.,  For  the  dispersive  case  we  have  computed 
reflection  coefficients  versus  firequency  for  a  plane  wave  inciding  on  a  vacuum-medium  interface,  except  for  the  case 
of  cold  plasma,  where  the  transmission  coefficient  through  the  plasma  is  calculated.  They  are  presented  in  figures  1 
to  5  and  compared  to  analytical  results.  For  the  anisotropic  case,  cut-off  fi-quencies  of  rectangular  cross-section 
waveguides  are  computed  and  compared  with  finite  element  method  calculations.  They  are  presented  in  tables  I  and 

n. 
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Fig,  1.-  Reflection  coefiBcient  on  a  vacuum/water  interface.  3D  simulation.  Discretization  5x5x990 
(100  vacuum.  890  water).  £^=81,  e„=1.8,  to=9.4  ps.  2000  time  iterations,  At=.0939  ps. 


Fig.  5.-  Reflection  coefficient  on  a  vacuum/Cole-Da\idson  medium  interface.  2D  simulation. 
Discretization  1000x2.  (100  vacuum,  900  medium).  Es=9,  e„=1.5.  to=1  ps.  a=0.5.  800  time  iterations. 
At=.0i  ps. 


Table  I.  Cut-off  frequencies  of  a  half-filled  (YZ  interface)  (Sxx=4.53,  Syy=5.03, 
&,v=0.14)  rectangular,  cross-section  16x10  mm  waveguide.  Al=lmm. 


Mode 

FEM 

(GHz) 

TLM-2D 

(±  O'Ol  GHz) 

Error  (%) 

r 

514 

515 

O' 19 

2« 

8 '01 

8’00 

012 

3" 

12  ’05 

11 ’87 

r49 

Table  II.  Cut-off  frequencies  of  a  full-fiiiled  (£xx=  4.53,  £^^=5.03,  £z2=l,  exj-=  0. 14,  £yz=  0 ) 


rectangular  16x10x5  mm  waveguide  (Z  propagation).  Al=lnun. 


Mode 

FEM 

TLM-2D 

TLM-3D 

Error  (%) 

(GHz)  ! 

(±  O'Ol  GHz) 

(±  O'Ol  GHz) 

FEM 

TLM-2D 

r 

418 

417 

4’ 19 

0’24 

0’48 

2“ 

7 ’05 

7 ’03 

7 ’12 

0'99 

1’28 

3“ 

8 ’19 

8 ’13 

7 '99 

2 ’44 

1’72 
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1.  Abstract 

This  paper  presents  the  simulation  results  of  current  transients  in  a  Lighting 
Protection  Structure  against  Lightning  (LPS)  in  a  building  and  solves  the  Elec¬ 
tromagnetic  Fields  (EMF)  generated  in  this  interior. 

For  the  current  transients,  the  numerical  technique  TLM  (Transmission  Line 
Modeling)  was  used  and  each  piecewise  for  the  protection  structure  was  consid¬ 
ered  as  a  transmission  line  with  frequency  dependent  parameters  -  R  (S7),  L 
(ff),  C  (C)  and  G  (5)  -  for  each  lumped  element. 

The  TLM  and  FD-TD  techniques  were  used  for  the  computation  of  the  Elec¬ 
tromagnetic  Field  generated.  The  results  presented  by  each  technique  were  com¬ 
pared. 

2.  Introduction 

We  know  electromagnetic  interference  is  generated  in  electronics  equipment  or 
circuits  installed  in  the  interior  of  a  building  when  the  lightning  strikes  an  LPS 
[1].  This  paper  presents  software  whose  principal  aim  is  determine  the  intensity 
of  an  electromagnetic  field  generated  in  the  interior  of  an  LPS  in  time  domain. 

The  structure,  as  shown  in  Figure  1,  where  a  source  of  current  with  a  double 
exponential  waveform  is  linked  to  a  point  on  the  top  of  this  LPS,  was  considered. 
A  ground  system  was  included  in  this  work  composed  of  four  points,  3  meters 
long  and  interconnected  by  cable.  With  this  model,  we  can  solve  the  current 


649 


transients  in  structures  using  the  TLM  method  with  lumped  parameters  along  a 
line  and  at  time  domain  [2j. 

With  these  results  of  current  transients,  it  was  possible  to  determine  the  EMF 
generated  at  any  point  in  the  interior  of  an  LPS,  considering  each  line  of  this 
LPS  as  an  antenna  and  using  TLM  and  FD-TD  techniques  for  comparison  [3], 
The  results  showed  good  agreement  for  each  method  and  they  also  show  the 
advantages  and  disadvantages  of  each  one. 


3.  Lightning  Protection  System  Model 

A  protection  system  is  made  of  a  set  of  conductors  to  drag  down  to  earth  the 
lightning  current,  avoiding  in  this  way  a  damage  to  the  building.  Thus,  it  is  made 
of  a  mesh  that  covers  the  structure  (Figure  1).  Each  conductor  of  this  mesh  can 
be  modeled  as  a  transmission  line.  The  terminations  of  each  transmission  line 
may  be  another  conductor,  the  earth,  the  grounding  system  or  the  lightning 
channel.  This  structure  is  linked  to  the  grounding  system  that  is  considered  as 
a  connection  of  tramsmission  lines  with  a  width  of  3  meters. 

The  results  of  the  current  transient  were  obtained  applying  TLM  technique 
and  the  parameters  of  that  LPS  from  reference  [4] . 
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4.  Electromagnetic  Field  Calculation 

4.1.  The  FD-TD  model  -  or  hybrid  model 

The  electric  and  magnetic  fields  are  obtained  considering  the  conductors  made 
of  infinitesimal  linear  antennas  with  a  current  i(t)  in  it  (obtained  by  TLM  -  one¬ 
dimensional).  Each  of  these  segments  are  dzo  long  (Figure  1).  Using  the  Maxwell 
equations  and  the  magnetic  potential  vector,  the  electrical  potential  is  derived 
from  electric  and  magnetic  fields.  This  potential  has  three  components:  the  static 
component  (F,),  the  radiated  component  [Er).  and  the  induced  component  (F,). 
The  equation  is  integrated  along  the  transmission  line  to  calculate  the  total  field 
[3], 

The  electric  and  magnetic  fields  are  expressed  in  terms  of  the  current  as  a 
function  of  position  and  time,  making  possible  a  straightforward  application  of 
this  technique  to  arbitrary  current  distributions. 

This  method  apply  the  FD-TD  (to  calculate  the  fields)  with  TLM  in  one 
dimension  (to  obtain  the  current  and  voltage  transients):  so,  we  will  call  it  of 
hybrid  model. 

4.2.  The  TLM  model 

As  described  above,  the  voltage  transient  at  LPS  is  obtained  applying  TLM  (one¬ 
dimensional)  at  each  of  the  conductor  and  latter,  each  of  those  segments  dzo  is 
considered  as  a  source  of  voltage  (boundary  condition)  and  then  is  applied  TLM 
all  over  space  on  interior  of  the  structure  [3]. 

5.  Results 

In  Figure  1  a  building  with  its  protection  system  is  shown.  With  the  above  de¬ 
scribed  model  and  applying  a  source  discharge  on  a  structure  (at  point  A(0;0;20)), 
the  transients  are  analyzed.  The  source  considered  here  is  a  bi- exponential  wave¬ 
form  given  by  [5]  and  presented  on  Figure  2a. 

The  protection  system  heis  the  dimensions  of  20x40x20  m^.  As  described 
above,  the  parameters  of  that  LPS  were  obtained  from  [1]. 

Some  of  the  current  distribution  on  the  structure's  cables  can  be  seen  in 
Figure  2b.  It  is  clear  that  the  current  at  vertical  cables  is  greater  then  that  of 
horizontal  cables.  From  these  currents  the  electric  and  magnetic  fields  were  then 
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Figure  2:  Source  and  current  transient  at  LPS. 

obtained  using  the  FD-TD  technique  {3].  Figures  3-5  show  the  graphics  of  the 
fields  at  point  P(10;30;5)  -  inside  the  structure. 

The  graphics  shows  several  cases  to  be  analyzed. 

The  Figure  3  show'  those  components  of  the  electric  field  discussed  above.  In 
this  Figure,  the  static  field  component  is  greater  than  the  induced  and  radiated 
(both  multiplied  by  3  in  it  Figure).  Those  components  of  the  fields  is  not  possible 
by  TLM  technique  itself. 

The  Figure  4  show'  the  electric  field  simulated  by  two  models  described  above 
and  it  is  in  good  agreement.  The  hybrid  model  shows  less  scattering  than  TLM 
model. 

Finally,  the  Figure  5  show'  the  magnetic  field  simulated  too  by  two  models 
and  it  is  in  good  agreement. 

The  hybrid  model  described  here,  show'ed  advantages,  as  for  about  eleven 
times  faster  than  TLM  mode  in  computing  program  and  the  scattering  prob¬ 
lems  not  so  accentuated.  The  hybrid  model  is  more  flexible  to  calculate  the 
electromagnetic  fields  at  any  point  of  cartesian  coordinate. 

6.  Conclusions 

The  computer  program  developed  based  on  the  described  models  is  a  useful  tool 
for  electrical  engineers.  With  this  simulator  the  protection  systems  can  be  better 
designed  and  the  distribution  of  electrical  systems  inside  the  building  optimised. 
The  results  showed  good  agreement  for  each  method  and  they  also  show'  the 
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Figure  3:  Electric  fields  components:  static,  induced  and  radiated  -  simulated 
by  hybrid  model  at  point  P(10;30;5). 


Figure  4:  Electric  field  simulated  by  TLM  and  Hybrid  model  at  point  P(10;30;5). 


advantages  of  the  hybrid  model. 
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Introduction 

Electromagnetic  and  acoustic  modellers  frequently  have  to  deal  with  scattering  problems  which  are  open 
or  unbounded.  In  order  to  maintain  the  computational  load  within  reasonable  limits  many  modelling 
techniques  require  that  some  form  of  artificial  boundary  must  be  invoked.  This  should  provide  a  perfect 
match  between  the  immediate  problem  space  and  its  surrounds.  In  the  transmission  line  matrix  (TLM) 
technique  this  might  be  approached  by  means  of  a  reflectionless  (  p  =  0)  boundary  description. 
However,  it  is  well  known  that  this  is  not  appropriate  over  a  wide  range  of  frequencies  and  angles  of 
incidence.  To  overcome  this  difficulty  a  number  of  options  have  been  investigated  and  the  current  status 
has  been  reviewed  by  Chen  [1].  The  Discrete  Green’s  Function  (Johns  Matrix)  [2]  stores  the  response 
at  the  boundary  nodes  due  to  ill  the  region  beyond  the  boundary.  A  variant  of  this  technique  has  also 
been  proposed  for  heat-flow  modelling  in  open-boundary  problems  [3].  Eswarrappa  et  al  [4]  have  used 
a  technique  whereby  the  region  outside  the  immediate  problem  space  becomes  progressively  lossy.  By 
far  the  most  popular  approach  to  perfect  matched  load  (pml)  boundary  modelling  is  to  use  either  the 
Higdon  [5]  or  Berenger  [6]  boundaries.  These  are  essentially  finite  difference  descriptions  which  are 
bolted  onto  the  periphery  of  a  TLM  model.  Although  they  work  effectively,  they  largely  ignore  the 
intuitive  essence  of  TLM  as  promoted  by  Johns  himself.  The  nearest  approach  to  this  philosophy  is  the 
method  used  in  acoustic  propagation  by  O  Connor  [7].  This  assumes  that  a  proportion  of  every  impulse 
is  absorbed  (in  a  method  which  is  not  specified)  at  every  node  within  a  boundary  layer  at  eveiy  iteration. 
This  has  also  been  used  in  diffusion  modelling.  Johns  was  particularly  admiring  of  an  early  treatment  of 
the  recombination  of  charge  carriers  in  semiconductors  [8].  The  carriers  scattered  from  a  node  were 
assumed  to  undergo  a  first  order  annihilation  process  during  transit  along  the  link  transmission  lines.  A 
network  description  of  this  process  was  subsequently  provided  by  Al-Zeben  et  al.[9].  In  this  paper  we 
attempt  to  provide  a  similar  physical  basis  for  perfectly  matched  layers  by  constructing  a  network  of 
broad-band  absorbing  TLM  nodes. 

In  two-  or  three-dimensional  TLM  treatments  bulk  properties  such  as  excitation  or  absorption  can  be 
applied  at  intervals  kAt  (k  =  1,2,3.  .  .)  at  the  centre  of  each  relevant  node.  Alternatively,  a  set  of 
equivdent  conditions  which  result  in  the  same  nodal  outcome  can  be  applied  at  intervals  (k+l/2)At  on  the 
link-lines  which  interconnect  adjacent  nodes.  This  latter  approach  permits  us  to  develop  a  one¬ 
dimensional  network  description  which  results  in  a  perfect  matched  load  node.  This  will  now  be 
outlined  in  an  evolutionary  format  which  describes  the  basic  approach,  the  experiments  which  were 
undertaken  and  the  latest  results. 
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A  TLM  matched  boundary 

The  inclusion  of  a  shunt  resistor,  r,  will  provide  absorption  in  a  one-dimensional  TLM  shunt  node.  The 
phase  shift  can  be  compensated  by  means  of  series  resistors,  R.  The  network,  which  is  shown  in  figure 
1  is  matched  to  the  adjacent  lossless  lines  when 


[r  +  R^]  ■ 


+  R  =Z 


(1) 


So  long  as  the  node  is  symmetrical  then  it  provides  a  match  for  pulse  flow  in  both  directions.  This  node 
is  very  similar  to  that  found  in  diffusion  (e.g.  diffusion/recombination  of  minority  carriers  in  a 
semiconductor  [9])  and  like  such  nodes  there  will  be  severe  dispersion. 


Figure  1  A  diffusion  node  with  a  shunt  loss 


Dispersion  of  an  impulse  can  be  inhibited  if  the  network  is  adapted  so  that  it  fulfils  the  Heaviside 
condition  for  a  distortionless  line.  For  a  line  with  inductance,  L,  capacitance,  C,  resistance,  2R  and 
conductance,  G  the  condition  is 


For  the  node  in  figure  1  with  a  characteristic  impedance,  Z  and  conductance,  G  =  1/r  this  yields 

Z2  =  2R  r  (3) 

With  normalised  characteristic  impedance  the  conditions  for  distortionless  matching  (eqns  (1)  and  (3)) 
give  non-negative  solutions 


R  =  -r  •+  Vr2  +  1  ;matching) 

(4) 

R  =  ^  (distortionless) 

Sadly  these  two  expressions  for  R  do  not  coincide  for  any  value  of  R  <  «»  so  that  as  it  stands  it  is  not 
possible  to  achieve  distortionless  matching. 

This  situation  can  be  radically  altered  by  the  inclusion  of  an  open  circuit  half-length  (capacitive)  stub 
transmission  line  which  is  placed  at  the  node  centre  as  shown  in  figure  2. 
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Figure  2  Lossy  diffusion  node  with  capacitive  stub 

The  inclusion  of  the  stub  means  that  the  total  capacitance  of  the  node  is  increased  and  the  Heaviside 
condition  (assuming  normalised  impedances)  now  becomes 

The  equivalent  expression  for  the  matching  condition  is 

_  -r  Zst  +  V  Zst^  +  Zst^  +  2  r  Zst  +  (5) 

^  -  r  +  Zst 


These  equations  are  plotted  in  figure  3  for  the  case  where  Zst  =  2  and  confirms  that  there  is  a  point  of 
coincidence  which  can  be  determined  iteratively  as  r  =  0.28432. 


0.2  0.4  0.6  0.8 


Shunt  resistor  (r) 


Figure  3  Plots  of  the  matching  and  distortionless  dependence  of  R  as  a  function  of  r  for  a  node  with  a 
capacitive  stub  Zst  =  2. 
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Experiments  and  Results 

A  set  of  experiments  were  carried  out  using  a  one-dimensional  TLM  model  comprising  199  lossless 
nodes  connected  to  a  set  of  5 1  identical  lossy  nodes  whose  parameters  were  determined  so  as  to  ensure 
distortionless  matching  for  a  given  value  of  stub  impedance.  An  excitation  was  applied  at  node  150.  This 
comprised  a  Gaussian  impulse  moving  to  the  right  whose  magnitude  at  the  k-th  iteration  was  given  by 

kSVR(150)  =  1000  exp(-(k-10)2/0  (7) 


Initially,  ^  was  set  to  10. 

The  algorithm  was  prepared  using  Matlab  and  run  for  sufficient  iterations  to  permit  the  pulse  to  penetrate 
the  interface.  The  nature  of  the  reflected  and  transmitted  pulses  was  then  investigated.  Using  the  case  of 
Zst  =  2  it  was  noted  that  there  was  total  absorption  of  the  pulse  within  the  boundary.  However,  a 
Gaussian  return  pulse  with  a  peak  magnitude  of  15.6  was  observed.  Further  experiments  confirmed  that 
this  is  due  to  the  impulse  response  of  the  stub  itself;  indeed  if  the  capacitive  smb  were  to  be  replaced  by 
an  infinite  line  of  impedance  Zst,  then  there  was  no  return  signal,  regardless  of  the  magnitude  of  the 
smb.  Although  this  might  be  a  useful  way  of  providing  absorption  paths  in  a  TLM  formulation  it  was 
felt  to  be  contrary  to  the  spirit  of  the  exercise.  However,  it  would  be  quite  reasonable  to  adjust  the  size 
of  the  smb  so  as  to  minimise  the  remm  signal  and  this  formed  the  basis  of  further  experiments. 

At  this  stage  the  test  mesh  was  reduced  in  size  to  80  nodes  with  the  transition  from  lossless  to  ’pml’  at 
node  75.  The  Gaussian  excitation  moving  from  left  to  right  was  applied  at  node  40.  These  changes 
speeded  up  the  calculations  and  had  no  effects  upon  the  previous  results. 
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Figure  4  The  return  signal  as  a  function  of  stub  impedance  for  small  values  of  impedance.  The 
horizontal  axis  is  smb  impedance  in  the  range  Zst  =  0-1. 


A  set  of  experiments  was  then  undertaken  to  determine  the  influence  of  Zst  on  the  magnitude  of  the 
remm  signal.  The  results  are  summarised  in  table  I  where  the  return  signal  is  expressed  in  dB  (defined 
as 
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Return  (dB)  =  20 


,  r peak  return' 
loglO  peak  input 


(8) 


The  results  are  shown  in  figures  4  and  5.  It  can  be  seen  that  the  return  signal  is  very  small  at  very  small 
values  of  Zst  and  then  tends  towards  a  maximum  value  at  before  decreasing  slowly  for  larger  stubs. 


0  20  40  60  80 


Figure  5  The  return  signal  as  a  function  of  stub  impedance  for  large  values  of  impedance  (x-axis).  The 
return  signal  corresponding  to  Zst  =  200  and  1000  are  -51.2dB  and  -62.8dB  respectively. 


During  these  investigations  there  was  no  evidence  of  dispersion,  but  an  initial  test  with  a  rectangul^ 
impulse  showed  considerable  ringing  on  the  leading  and  trailing  edges.  Accordingly,  the  constant  ^  in 
the  Gaussian  excitation  (eqn  7)  was  progressively  reduced  so  as  to  increase  the  band-width.  At  5 
there  was  no  observable  effect.  3  showed  tiny  ripples  trailing  from  the  return  signal  which  became 
larger  at  2  and  very  significant  at  1 .  It  was  also  noted  that  these  effects  became  more  significant 
at  the  extreme  values  of  stub  impedance  (i.e.  very  large  or  very  small).  However,  this  has  yet  to  be 
investigated  in  detail. 

This  work  was  followed  by  an  investigation  of  the  number  of  nodes  which  are  required  to  ensure  that  a 
complete  absorption  of  the  signal  has  occurred.  Our  initial  study  has  been  limited  to  the  low  values  of 
stub  impedance.  The  Matlab  output  can  be  used  to  predict  the  contents  of  all  'pml’  nodes  and  our 
criterion  of  effective  absorption  was  when  the  potential  at  a  node  was  less  than  10"^  times  the  peak  input. 
These  results  are  shown  in  Table  I. 


Table  I 


Stub  impedance 

Min.  node  number 

0.5 

5 

0.1 

4 

0.05 

3 
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Conclusions 

This  work  has  demonstrated  that  it  is  possible  to  develop  a  TLM  description  for  a  perfect-matched  load 
boundary  node.  There  are  frequency  limitations  and  these  have  yet  to  be  investigated  in  greater  detail. 
We  have  concentrated  on  the  conditions  which  minimise  the  magnitude  of  the  signal  which  is  returned  to 
the  lossless  mesh  from  the  capacitive  stubs  in  the  'pml'  and  it  is  quite  clear  that  there  is  much  work 
which  has  still  to  be  done  and  many  promising  avenues  remain  to  be  examined.  Inductive  stubs  could 
be  incorporated  in  such  a  way  as  to  cancel  the  return  from  the  capacitive  stub. 

Within  a  two  or  three-dimensional  algorithm  our  'pml'  node  would  be  treated  as  a  sub-circuit  which 
would  be  located  at  each  of  the  interfaces  between  nodes  within  the  absorbing  boundary  region  of  space. 

We  believe  that  the  technique  of  finding  values  of  absorbing  and  phase  matching  components  which 
fulfil  both  line  matching  and  distortionless  conditions  can  be  extended  to  graded  meshes,  but  at  first 
sight  the  algebra  appears  to  be  non-trivial. 
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Abstract  •  A  modified  TLM  symmetrical  condensed  node  is  proposed  which  allows  a  direct 
implementation  of  Berenger's  PML  in  variable  mesh  3D-TLM  meAcd.  The  new  scattering  matrix  is 
given  and  several  tests  are  performed  to  set  the  optimal  characterisdcs  of  Berenger's  PML  in  TLM 
simulations. 

I.  INTRODUCTION 

Berenger’s  Perfectly  Matched  Layer  (PML)  with  the  FDTD  method  provides  40dB  more  accurate 
absorbing  boundary  conditions  than  currently  exist.  Then  it  was  recently  implemented  in  2D-TLM  [1], 
using  an  interface  between  the  FDTD  and  the  TLM  network.  We  propose  here  a  modified  symmerncal 
condensed  node  (modified  SCN)  which  allows  a  direct  implementation  of  Berenger's  PML  in  variable 
mesh  3D-TLM  method.  Then  usual  and  PML  media  can  be  simulate  at  once  allowing  easier 
implementation  on  parallel  computers  as  the  Connection  Machine  5.  A  parametric  study  of  PML 
layers  in  TLM  simulations  is  also  proposed. 

n.  THEORY 

In  the  PML  medium,  each  electromagnetic  field  is  split  into  two  sub  components  and  the  six  Maxwell 
equations  are  replaced  by  twelve  equations  [2]  with  use  of  anisotropic  electric  and  magnetic 
conductivities.  We  have  designed  a  modified  TLM  SCN  by  using  centered  differencing  and  averaging 
of  these  twelve  PML  equations  as  described  in  [3]  by  H.Jin  and  R.  Vahldieck.  The  node  is  made  of  a 
transmission  line  network  with  24  branches.  The  12  main  branches  are  identical  to  those  of  the  usual 
SCN.  6  open  stubs  and  6  short  stubs  are  necessary  to  transform  the  12  sub  components  of  the 

electromagnetic  field  at  the  node  center  (ijjc)  and  time  step  (n-l/2)At  or  (n+l/2)At  into  respectively 
incident  Vj  or  reflected  Vr  voltage  impulses  on  the  stubs  at  time  step  nAt  as  follows. 

n  + 1  /2  E^i,  j,  k)  =  2  .  .n  + 1  /2  E^(i,  j,  k)  =  2 

n  + 1  /2  Ey^(i,  j,  k)  =  2  .  .n  + 1  /  2  Ey2(i,  j,  k)  =  2 

n  + 1  /2  E„(i,  j,  k)  =  2  nV n4  .  .n  + 1 /2  E  Ji,  j,  k)  =  2 

(1) 

±  2  .  .n  + 1  /2H4i,  j»  k)  =  ±  2 

±  2  h  k)  =  ±  2  n’^'^^Zyv) 

—  2  n^23/^22w)  ’  t  /2H2y[i,  j?  kj  =  ±  2  n^2y^22w) 


n^l/2H^(i,j,k)  = 
n  +  l/2Hy3,(i,  j,  k)  = 
nq:l/2H4iJ»k)  = 
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u,  V,  w  are  the  cell  sizes  along  the  x,  y,  z  directions,  the  time  step  is  At=Al/2c  with  A1  being  the 
smallest  cell  size  and  c  the  wave  velocity  in  free  space.  The  open  and  short  stubs  are  characterised  by 
normalised  characteristic  admittances  Y  and  impedances  Z  identical  to  those  of  the  classical  variable 
mesh  SCN.  The  24  reflected  voltage  impulses  are  deduced  from  the  24  incident  impulses  using  the 
scattering  matrix  shown  in  figure  1.  The  matrix  elements  are  given  as  follows: 

2  2  2 

Y  +  ge„  +  4“Z  +  gm.  +  4  Y  +  ge(,  +  4 

2  2  2 

^  ”  Y  +  ge^  +  4  Z  +  gm„  +  4  “  ^  Z  +  gm^  +  4 


e-  -2b 

f  =  (Y  +  2)b- 

(Z  +  2)d 

4 

'  Y  +  ge„  +  4 

2(Z  +  2)  2d 

Y  +  ge«  +  4 

4 

z(z  +  gm^^  +  4j  ^ 

(z) 

z(z  +  gmot 

-Y^gl.4  j  =  (Y  +  2)i-l 

k=-2i  1 

=  (Y  +  2)b-l 

m  =  -2b  n  =  T7 — — j 

(z  +  2)  n 
0  =  -^^ — „  ^ 

- 1 

Z+gm„+4 

Z 

p  =  ^  q  =  (Z  +  2)d-l 

r  =  2d 

where  Y,  Z,  gea,  gep,  gma  and  gmy  take  a  subscript  appropriate  to  the  corresponding  stub.  For 
example, 

^'•‘  =  =  =Y,  +  ge,.  +  4  +  Z,  +  ^„  +  4-^ 


The  normalised  conductances  ge  and  resistances  gm  of  the  lossy  stubs,  simulating  the  anisotropic 
electric  a  and  magnetic  a*  conductivities,  are  given  by  (with  Zo  the  characteristic  impedance  of  the 
free  space) 


•  S^yx  - - -  ~^y^oW 


gmxy-  ^  - -  S^yz^^z  ^  - *  ^^zx~  ^  x^  o  ^  ^ 

grrixz  ’ ’  S^yx  ~^x^o^  W'  • - -  ^^zy  ~  ^ 


-  ^*7-  1  MV 
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m.  NUMERICAL  RESULTS 


To  valid  the  modified  SCN,  we  have  first  considered  a  simple  point  source  radiating  in  a  free  space 
simulated  by  51x51x51  cells.  The  methodology  is  similar  to  that  used  in  [4].  Ez  at  the  center  of  the 
test  domain  is  excited  with  a  smooth  compact  pulse  and  the  response  at  time  step  100  is  observed 

along  the  line  (iAl,l,l)  where  i=l  to  51.  This  response  is  compared  to  a  reference  solution  obtained 
with  a  large  domain  of  151x151x151  cells  by  computing  the  local  error : 


error 


(0=  E,{i,l,l)-E,^{i.l,l) 


for  i  =  1  to  51 


(5) 


The  test  domain  is  surrounded  by  various  PML  layers  characterised  by  the  thickness  N  (cells  number 
in  the  layer),  the  conductivity  a  and  a*  profile  and  the  theoritical  reflection  factor  R.  We  have 
observed  that  the  efficiency  of  the  PML  increases  when  the  thickness  grows  up.  Figure  2  shows  that 
PML  layers  with  16  cells,  parabolic  profile  of  order  2  and  R=10-2  provide  60dB  more  accurate 
solution  than  notched  terminations.  The  performances  are  improved  by  using  geometric  progression 
for  the  conductivity  profile.  We  can  obtain  lOOdB  more  accurate  solution  than  matched  terminations 
with  an  optimal  geometric  ratio  of  2,15.  These  results  are  independant  of  the  choice  of  R  if  R>10'^. 
However,  reducing  R  increases  the  local  error  and  may  give  instabilities. 


Figure  2  :  Local  error  for  various 

absorbing  boundary  conditions 


Figure  3  :  Field  temporal  evolution  for 
various  PML  thickness 


Performing  the  test  studied  by  Berenger  [5],  all  the  results  are  confirmed.  We  have  considered  the  Ez 
field  radiat^  at  point  (2,12,2)  by  a  dipole  located  at  (2,2,2)  in  a  domain  of  14x14x14  cells.  The 
excitation  signal  is  gaussian  and  the  response  is  compared  to  a  reference  solution  obtained  with  a  large 
domam  of  150x150x150  cells.  We  have  plotted  in  figure  3  the  field  temporal  evolutions  obtained  for 
P^  layers  wi A  various  thickness,  geometric  profile  (optimal  ratio=2,15)  and  R=10-2.  The  result 
n  ®  reference  solution  while  osciUations  appear  for  a  4  and  8 

cells  PML  layer  In  figure  4,  we  give  the  field  spectral  density,  for  the  same  cases.  The  temporal 
disagreements  induce  imponant  oscillations  in  the  low  frequency  domain.  They  seem  to  be  causSl  by 
evanescent  waves  which  cannot  be  absorbed  by  PML  layers,  especially  for  low  frequencies.  Then,  the 

efficiency  of  the  PML  layer  is  sensitive  to  the  choice  of  the  electric  conductivity  a©  in  the  interface 
vacuum-PML  medium  which  depends  on  the  layer  thickness  and  on  R.  As  observed  by  Berenger  in 
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Figure  4 :  power  spectral  density  for  various  PML  thickness. 

FDTD  simulations,  the  frequency  domain  of  validity  for  PML  layers  in  TLM  simulation  is  given  by  (6). 


f  >  fc  = 


Op 

2ti£^ 


(6) 


IV.  CONCLUSION 

A  new  general  variable  mesh  SCN  was  derived  for  direct  implementation  of  Berenger’s  PML  in  3D- 
TLM  simulation.  Numerical  experiments  have  proved  the  validity  of  the  modified  SCN  and  the  ability 
to  absorb  outgoing  waves.  A  parametric  study  have  allowed  the  determination  of  the  optima  PML 
characteristics  and  the  validity  freqj^ncy  domain.  Current  works  are  made  to  avoid  instabilities  for 
improving  performances  of  PML  in  TLM  method. 
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Abstract 

Field  computations  in  complex  geometrical  environments  require  simultaneous  use  of  various  anal\-tic 
and  numerical  techniques.  In  the  approach  pursued  here,  the  overall  spatial  domain  is  partitioned  into 
subdomains  which  can  be  treated  by  available  methods  for  electromagnetic  field  computation.  The  field 
solutions  in  the  various  subdomains  are  matched  across  the  interfaces  between  adjacent  subregions. 

To  implement  this  strategy',  a  generalized  netw^ork  formulation  is  derived  systematically  from  problem- 
matched  alternative  representations  of  the  dyadic  Green's  functions  for  each  subdomzdn.  The  algorithm 
architecture  is  presented  in  terms  of  a  compact  operator  format  that  highlights  the  underlying  principles. 
A  simple  example  of  a  waveguide  circuit  is  introduced  to  illustrate  relevant  concepts. 


1  Introduction 


Electromagnetic  field  computations  in  complex  structures  are  required  in  a  varietv  of  sce¬ 
narios  dealing  either  with  natural  environments  or  with  man-made  devices.  To  attack  such 
problems  systematically,  it  is  advantageous  to  parametrize  the  “complexity”  of  the  overall 
domain  in  terms  of  interactions  between  simpler  tractable  subdomains.  A  general  archi¬ 
tecture  has  been  proposed  elsewhere  [l].  and  it  is  specialized  here  to  a  class  of  problems 
concerned  with  microwave  components  and  devices.  For  such  applications,  much  work  has 
been  done  on  relating  the  field  problem  to  sophisticated  analytically  and  computationally 
based  network  models,  which  are  summarized  below. 

In  the  past  few  years  the  advantages  of  dealing  with  complex  structures  by  hybrid  methods 
of  analysis  have  become  apparent.  As  a  result,  several  approaches  have  been  proposed,  e. 
g-  [2], [3], [4]  to  cite  just  a  few*,  which  combine  different  numerical  methodologies  such  as 
finite  differences  techniques,  TLM  and  integral-equation-based  methods.  Moreover,  also 
apparent  has  been  the  necessity  of  overcoming  some  limitations  of  classical  modal  techniques 
by  developing  new  approaches  as  described  e.  g.  in  [5],  where  a  three-dimensional  modal 
approach  has  been  pursued  based  on  the  admittance  representation,  or  in  [6],  w'here  a  full 
wave  method  of  analysis  has  been  applied  also  to  metallic  regions.  In  addition,  important 
in  the  practical  design  of  microwave  components  are  efficiency  considerations,  which  are 
closely  linked  to  the  appropriate  choice  of  the  Green's  functions,  as  demonstrated  in  [7]. 
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Figure  1:  Segmentation  of  the  space  into  different  regions  denoted  by  Tie  separated  by  boundaries  Bik 
(dashed  curves);  in  this  notation  the  first  index  refers  to  the  region  and  the  second  index  refers  to  the 
boundary  with  adjacent  regions.  The  shadowed  regions  are  either  p.e.c.  or  p.m.c. 

The  above  approaches,  and  the  pertaining  alternative  Green's  functions  representations, 
have  been  implemented  in  an  empirical  way,  mainly  on  a  case  by  case  basis.  The  purpose  of 
the  contribution  here  is  to  present  a  systematic  approach  to  dealing  with  complex  systems, 
starting  with  alternative  Green’s  function  representations  [8,  Secs.  2.3,  2.6  and  3.3c]  which 
guide  the  construction  of  hybrid  analytic  and  numerical  methods.  Thus,  the  message  we 
attempt  to  convey  in  this  paper  is  twofold: 

1.  to  introduce  a  generalized  problem-matched  approach  to  field  problems  which  greatly 
enlarges  the  arsenal  of  alternatives,  and 

2.  to  show  how  each  alternative  impacts  the  network  formulation  as  well  as  numerical 
strategies. 

To  make  these  points  succintly  without  undue  complication  through  details  we  use  com¬ 
pact  operator  notation  and  illustrate  only  the  general  concepts;  this  is  done  in  order  to 
grant  a  bird’s  eye  view  of  the  totality.  The  details  become  evident  w^hen  we  treat  particular 
problem  geometries. 


2  Method  of  Analysis 


We  start  with  subdividing  the  complex  system  into  a  number  of  subdomains  (clusters),  see 
Fig.  1,  which  may  be  of  different  types,  and  which  are  joined  together  across  interfaces 
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mapping  representations  on  one  side  into  those  on  the  other  side.  The  electromagnetic  field 
transmission  through  each  subdomain  is  completely  characterized  by  the  relations  between 
the  tangential  field  components  (TFCs)  on  its  boundary.  The  TFCs  are  subdivided  into 
independent  and  dependent  TFCs;  we  may  use.  for  example,  on  part  of  the  boundary  the 
electric  TFC  as  the  independent  field  component  and  the  magnetic  TFC  as  the  dependent 
TFC;  on  other  parts  of  the  boundary  we  can  make  the  opposite  choice.  We  may  also 
choose  linear  combinations  of  the  electric  and  of  the  rotated  magnetic  TFC;  such  linear 
combinations  may  represent  waves  incident  into  the  subdomain  and  scattered  from  the 
subdomain,  and  will  be  called  tangential  wavefields  in  the  following.  The  representations  of 
the  total  electromagnetic  field  may  be  analytic,  with  basis  functions  that  satisfy  the  relevant 
field  equations  in  the  subdomain,  or  they  may  be  numerical  grids  for  direct  computation  of 
the  fields.  In  particular,  the  overall  space  IZ.  is  divided  into  Mr  subdomains  TZi,  i  —  1 . . .  Mr, 
(Fig.  1);  two  subdomains  Hi  and  Tlk  are  connected  across  the  interface  Bik,  whose  subscripts 
are  ordered  so  that  the  first  index  identifies  the  region  of  interest  and  the  second  index 
identifies  the  exterior  region.  Whenever  some  portion  is  an  open  structure  embedded  in 
unbounded  space,  this  surrounding  space  may  also  be  treated  as  a  region,  e.g.  regions, 

TZe  and  'll-  in  Fig.  1.  Each  region  'Jli  is  enclosed  by  the  boundary 

=  (1) 

k 

WTien  parts  of  a  boundary  Bi  are  impenetrable  (i.e.,  perfect  electric  or  magnetic  conductors), 
the  access  to  neighbouring  subdomains  is  granted  via  apertures  (ports)  Bik  as  in  Fig.  1.  and 
the  subdomains  are  closed  regions.  This  special  case  of  the  more  general  problem,  w’hich  is 
of  interest  expecially  for  multiport  waveguide  emd  cavity  systems,  is  the  focus  of  the  present 
paper.  In  Fig.  1,  the  impenetrable  portions  are  shown  shaded  and  they  are  omitted  from 
the  sum  in  eq.  1;  the  number  of  apertures  (ports)  on  the  boundary  of  region  'lit  is  denoted 
by  Ki-  Two  adjacent  boundaries  Bik  and  Bki  belonging  to  'lie.  and  'Ilk-  respectively,  enclose 
a  volume  of  zero  measure  and  thereby  form  an  interface.  We  also  introduce  the  normal 
vectors  on  the  boundaries  Bik  directed  toward  the  exterior  of  7l^  For  a  subdomain 
whose  entire  boundary  is  penetrable,  the  access  "port”  is  that  entire  boundary.  This  is 
depicted  by  the  separate  ■’obstacle"  in  the  interior  of  71:  for  simplicity  the  obstacle  shall  be 
regarded  as  perfectly  conducting  but  this  restriction  can  readily  be  removed. 

On  each  boundary  Bek-,  as  seen  from  Tie,  shall  specify  independent  exciting  fields  and 
then  determine  via  the  corresponding  Green's  function  representations  the  resulting  de¬ 
pendent  fields  generated  at  Bek  through  interaction  with  the  interior  of  Tie-  The  resulting 
electromagnetic  description  of  each  subdomain  has  an  analog  in  netw’ork  theory  where  it  is 
customary  to  describe  a  multiport  network  in  terms  of  the  relationship  between  dependent 
and  independent  quantities.  For  example,  by  choosing  the  currents  as  independent  vari¬ 
ables  and  the  voltages  as  dependent  \'ariabies,  an  impedance  description  of  the  netw'ork  is 
obtained. 

In  the  operator  notation  w'e  denote  by  (F)^  and  (F)d  the  state  vectors  containing  all  of  the 
independent  and  dependent  electromagnetic  field  quantities,  respectively,  of  our  complex 
system.  The  relation  between  dependent  and  independent  state  vectors  is  expressed  by  a 
suitable  operator  O  as 

(F),  =  6{(F),}  (2) 
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The  operator  takes  different  forms  depending  on  the  complexit}^  of  the  subdomains  and 
their  analytic  representability.  Whenever  feasible  and  convenient,  field  representations  in  a 
subdomain  are  based  on  the  dyadic  Green  s  functions  for  that  region.  The  choice  of  these 
Green's  functions  impacts  in  a  significant  manner  the  "efficiency '  (i.e.  rapidity  of  conver¬ 
gence)  of  the  resulting  formulation.  Alternative  Greenes  function  representations  differ  from 
one  another  by  the  choice  of  boundary  conditions  on  the  interconnects  between  adjacent 
subdomains.  These  boundary  conditions,  in  turn,  govern  the  field  decomposition  into  os¬ 
cillator}^  constituents,  traveling  wave  constituents  or  hybrid  combinations  of  both,  which 
should  "be  chosen  so  as  to  provide  a  good,  i.e.  well  convergent,  match  to  the  phenomenolog}' 
in  different  portions  of  the  subdomain  interior. 

Different  subdomains  are  then  connected  according  to  their  topology,  and  so  as  to  satisfy 
continuity  of  the  transverse  field  at  the  boundaries.  By  noting  that  each  interface  has  two 
"sides" .  here  denoted  by  the  superscripts  a  and  (5.  we  may  subdivide  the  state  vectors  as 

(f^)/  = 


Knowledge  of  the  dependent  and  independent  field  quantities  on  each  side  of  the  bound 
aries  provides  the  transverse  electromagnetic  field  quantities,  on  the  boundaries. 

These  relations  can  be  expressed  by  using  the  operators  C  anaG  , 


(4) 


thereby  describing  compactly  the  continuity  of  the  transverse  components  of  the  electro¬ 
magnetic  field  on  the  interfaces  as 


(5) 


The  topological  relationships  in  the  field  equations  (2)  and  (5)  provide  the  reduction  to 
the  multiport  and  connection  network  descriptions,  respectively,  in  network  theory.  The 
actual  multiport  and  connection  networks  corresponding  to  the  complex  field  problem  are 
obtained  from  the  latter  equations  via  moment  method  discretization. 


3  An  example 

3-1  Statement  of  the  problem 


In  this  section  we  illustrate  application  of  the  above  theory  on  a  simple  example:  a  practical 
waveguide  circuit,  with  cross-section  shown  in  Fig.  2.  For  ease  of  manufacturing,  since  a 
milling  technique  is  assumed,  the  waveguide  component  is  constructed  by  inserting  suitable 
stubs,  represented  by  subregions  7?.2-  72-3  etc.  in  Fig.  2,  along  the  main  wavegmde.  This  mo¬ 
tivates  the  subdivision  of  our  structure  into  one  main  subregion,  i.e.  subregion  7Zi  in  Fig.  2 
with  boundaries  at  Bio  and  B20:  and  several  other  subregions  corresponding  to  the  stubs. 
EflBcient  characterization  of  region  7Zi  depends  on  a  suitable  choice  of  the  independent  and 
dependent  field  quantities  and  on  the  appropriate  Green's  function  expansion.  Section  3.2 
illustrates  how  to  choose  the  independent  field  quantities  in  a  convenient  manner. 
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Figure  2:  Cross-section  of  a  waveguide  circuit,  showing  subdivision  into  different  subregions.  In  this  model, 
for  ease  of  manufacturing,  the  height/width  of  the  guide  is  left  unchanged  and  stubs  are  generated  by 
milling  techniques,  thereby  suggesting  the  choice  of  the  above  subdivisions.  Evaluation  of  the  netwwk 
elements  is  efficiently  accomplished  by  choosing  appropriate  Green’s  function  representations.  The  latter 
choice  depends  on  the  problem  parameters  (i.e.  relative  distances  between  stubs,  waveguide  height/width 
etc.). 


p.m.c.  Aperture  E?  p.m.c. 


Impedance 
boundary  (Z) 

Aperture  ^ 

Impedance 
boundary  (Z) 


Aperture  s'* 


Figure  3:  A  region  7t  is  connected  to  other  regions  through  apertures,  and  bounded  by  perfect  electric 
conductors  (p.e.c.),  perfect  magnetic  conductors  (p.m.c.)  and  impedance  impedance  boundaries.  The 
boundary  conditions  on  the  coordinate  surfaces  determine  the  choice  of  the  independent  wavefields. 
The  latter  are  also  identified  in  the  figure.  Here  E  and  H  refer  to  standing  wave  representations,  whereas 
A  and  B  refer  to  incoming  and  outgoing  traveling  waves,  respectively.  Note  that  when  an  aperture  covers 
an  entire  boundary  segment,  like  the  independent  wavefield  may  be  chosen  as  desired. 
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3.2  Choice  of  problem-matched  independent  field  quantities 

In  circuit  theory,  it  is  customar}'  to  use  either  standing  wave  voltages  and  currents  or 
incoming  and  outgoing  traveling  waves,  but  not  both  in  hybrid  combinations.  However,  in 
field  problems,  the  choice  of  the  independent  wavefields  may  be  adapted  to  the  ambient 
boundary  conditions,  i.e.  to  the  pattern  of  p.e.c.,  p.m.c.,  impedance  conditions  etc.  specified 
on  the  boundary  of  our  region. 

To  illustrate  these  considerations  let  us  refer  to  the  region  depicted  in  Fig.  3.  Note  that 
in  order  to  compute  the  field  produced  by  one  of  the  independent  sources,  all  the  other 
independent  sources  must  be  set  to  zero.  This  fact  has  direct  impact  on  the  boundary 
conditions.  For  example,  to  compute  the  field  produced  by  the  independent  magnetic  field 
source  H  in  aperture  on  the  p.m.c.,  we  have  to  set  to  zero  the  electric  field  on  aperture  B^ 
and  the  incoming  (or  outgoing)  -wave  on  aperture  B^.  However,  imposing  a  zero  tangential 
electric  field  is  equivalent  to  imposing  the  presence  of  a  p.e.c.;  also,  a  zero  incoming  wave 
is  equivalent  to  a  boundary  impedance  Z.  It  is  readily  observed  that  the  above  choice  of 
independent  wavefields  leads  to  homogeneous  boundary  conditions  and,  therefore,  to 
the  direct  availability  of  the  problem-matched  Green’s  function.  On  aperture  B^.  one  may 
exercise  alternative  options  in  the  choice  of  the  independent  wavefield. 


3.3  Application  to  the  waveguide  circuit 


Applying  the  observations  made  in  connection  with  Fig.  3  to  the  waveguide  circuit  in  Fig.  2 
it  is  seen  that  electric  fields  are  a  convenient  choice  for  the  independent  field  quantities 
on  boundaries  between  subregion  7li  and  the  subregions  occupied  by  the  stubs.  However, 
at  the  input-output  ports  (i.e.  at  ports  corresponding  to  boundaries  Bio  and  B20)  it  is 
customary  to  use  a  scattering  wave  representation.  It  is  thus  apparent  that  subregion 
TZi  is  conveniently  described  by  taking  as  independent  quantities  the  electric  fields  at  the 
boundaries  between  TZi  and  the  stubs,  and  the  incident  waves  at  the  input-output  ports, 
i.e.  on  boundaries  Bio  and  B2o- 

As  a  numerical  example  we  consider  a  nine  stub  waveguide  phase  shifter:  Fig.  4  shows 
measured  and  computed  return  loss  and  phase  shift  obtained  by  using  alternative  Green' s 
function  expansions. 


4  Conclusions 

A  systematic  and  comprehensive  approach  for  electromagnetic  field  computations  in  com¬ 
plex  structures  has  been  outlined.  Subdivision  of  the  problem  space  into  subdomains  allows 
the  simultaneous  use  of  analytic  methods  in  some  subdomains  and  numerical  methods  in 
other  subdomains.  When  using  analytic  methods,  alternative  Green’s  function  representa¬ 
tions  provide  the  arsenal  for  efficient  computations.  Different  field  representations  used  in 
adjacent  subdomains  are  matched  at  the  boundaries  by  using  suitable  connection  networks 
directly  obtained  from  the  field  problem. 
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Figure  4:  Return  loss  and  phase  shift  of  a  waveguide  phcise  shifter  with  nine  stubs  which  has  been  anah-zed 

by  using  the  network  approach  [7],  Measured  data  have  been  corapeired  with  theoretical  results  obtained 

by  using  alternative  Green's  function  expansions. 
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Abstract 

In  this  paper,  a  comparative  study  of  dispersion  errors  and  performance  of  Higdon’s  absorbing 
boundary  conditions  (ABCs)  in  Symmetrical  Condensed  Node  Transmission  Line  Matrix  (SCN- 
TLM)  and  Finite  Difference  Time-Domain  (FDTD)  methods  is  described.  We  have  computed  the 
dispersion  errors  of  the  SCN-TLM  and  FDTD  methods  in  free  space  and  in  rectangular  waveguide 
structures  numerically  as  well  as  analytically.  In  both  the  cases,  the  dispersion  error  in  SCN-TLM 
is  less  than  that  of  the  FDTD  method,  as  exj^cted  from  dispersion  an^ysis.  Moreover,  for  TEjo 
mode  of  propagation  in  rectangular  waveguide  structures,  the  dispersion  error  in  SCN-TLM  is 
constant  with  frequency  and  is  equal  to  the  minimum  value  obtained  with  the  FDTD  method. 
Hence,  this  error  could  be  systematically  corrected  in  SCN-TLM.  We  also  observed  4at  accurate 
extraction  of  the  propagation  constants  demands  very  good  absorbing  boundary  conditions,  other¬ 
wise  the  inaccuracies  of  the  order  of  three  percent  are  easily  obtained.  Furthermore,  it  has  been 
observed  that  a  one-way  equation  ABC  applied  directly  to  the  SCN-TLM  voltage  impulses 
absorbs  better  than  the  same  ABC  applied  to  the  FDTD  field  values.  The  improvements  in  return 
loss  are  of  the  order  of  20  dB.  Also,  the  performance  of  an  ABC  in  SCN-TLM  is  not  very  sensi¬ 
tive  to  the  choice  of  the  incidence  angles,  and  broadband  absorption  can  be  obtained  with  a  rough 
choice  of  incidence  angles. 

1.  Introduction 

The  Transmission  Line  Matrix  (TLM)  [1]  and  Finite-Difference  Time-Domain  (FDTD)  [2]  meth¬ 
ods  are  suitable  for  time-domain  simulation  of  complex  guiding  and  radiating  structines.  The 
TLM  method  is  based  on  transmission  line  analogy  whereas  FDTD  is  a  mathematical  discretiza¬ 
tion  model.  Each  method  has  its  own  advantages  and  disadvantages.  The  reported  major  advan¬ 
tages  of  the  SCN-TLM  [3]  method  are  less  propagation  or  dispersion  error  [4],  more  accurate 
description  of  boundaries  (due  to  denser  spatial  field  sampling),  unconditional  stability,  better  per¬ 
formance  of  one-way  equation  absorbing  boundaries,  while  the  disadvantages  are  the  existence  of 
spurious  modes  (observed  rarely  in  practical  simulations)  and  extra  effort  needed  when  deriving 
the  equivalent  transmission  line  network  models  (ex.,  Berenger’s  PML  [5]).  The  major  advantages 
of  the  FDTD  are  lesser  computer  memory  storage  and  updating  time  per  node  and  ease  of  imple¬ 
mentation,  while  the  main  disadvantage  is  that  it  is  only  conditionally  stable  and  the  stability  of 
the  algorithm  is  more  prone  to  absorbing  boundary  errors  [6].  The  major  errors  affec^g  the  time- 
domain  numerical  techniques  are  the  dispersion  error,  coarseness  error,  discretization  error  and 
absorbing  boundary  error.  In  this  paper,  the  dispersion  and  absorbing  boundary  errors  have  been 
further  studied  in  detail  under  identical  conditions  such  as  identical  time  step,  mesh  size,  excita¬ 
tion,  etc.  The  physical  origin  of  the  coarseness  and  dispersion  errors  in  TLM  is  described  in  [7] 
where  the  difference  equations  of  the  TLM  method  are  solved  analytically. 
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2.  Dispersion  Error 

We  have  studied  the  dispersion  errors  of  FDTD  and  SCN-TLM  in  case  of  free  space,  waveguide 
transmission  lines  and  waveguide  cavities  using  the  analytical  dispersion  equations  as  well  as  the 
numerical  simulations. 

a)  Dispersion  of  FDTD  and  SCN-TLM  in  Free  Space 
The  dispersion  relationship  of  FDTD  [8]  is: 


,  2  coArr  A/ 
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The  dispersion  relationship  of  SCN-TLM  [9]  is: 


costoAt  =  :r(cos/:A/cos^Al+cos/:  A/cosi  A/+cosJt^,A/cosjt,A/-l) 
2^  ^  y  X  z  }  ^ 


The  above  equations  (1)  and  (2)  are  used  to  plot  the  worst  case  dispersion  errors,  i.e,  in  the  main 
diagonal  direction  (111)  for  SCN-TLM  and  the  axial  direction  (100)  for  FDTD,  in  Fig.  1  below. 
We  can  see  that  the  dispersion  error  of  the  SCN-TLM  mesh  is  always  smaller  than  that  of  the 
FDTD  mesh,  and  the  convergence  is  second-order  as  expected. 


Number  of  cells  per  wavelength 

Fig.  1:  Dispersion  errors  of  FDTD  and  SCN-TLM  meshes  in  free  space 
Note  that  the  error  decreases  as  Al^  (second  order  accuracy). 

b)  Dispersion  of  FDTD  and  SCN-TLM  in  Rectangular  Waveguide  Models 

We  will  consider  a  rectangular  waveguide  of  width  a  and  height  b,  discretized  with  N  cells  across 
the  width  and  M  cells  across  the  height.  The  propagation  constant  of  the  waveguide  that  would 
be  obtained  with  the  FDTD  and  SCN-TLM  can  be  obtained  by  substituting  for  and  ky  of 
waveguides  in  equations  (1)  and  (2): 

The  propagation  constant  calculated  using  FDTD  is: 


The  propagation  constant  calculated  using  TLM  is: 


h  =  57“'“ 


nn  mn  ' 
2cos(oAr-  cos— cos—  + 1 


nn  mn 


(4) 


where  n  varies  from  1  to  N-1  and  m  varies  from  0  to  M-1. 
The  analytically  exact  value  of  the  propagation  constant  is; 
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where  n  =  1,2,...  and  m  =  0,1,2.... 


For  a  WR28  waveguide  with  10  cells  across  the  width  of  the  waveguide,  the  numerically  simu¬ 
lated  and  the  analytical  values  (obtained  with  (3)  and  (4))  of  the  propagation  constant  errors  are 
plotted  in  Fig,  2.  The  propagation  constant  error  is  defined  as 


^e~^s  d 
Propagation  constant  error  =  — 
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where  p  is  the  exact  propagation  constant,  is  the  numerically  simulated  propagation  constant 
and  P^  is  the  propagation  constant  computed  analytically  for  the  discrete  scheme. 

We  can  see  that  for  the  TEio-mode  in  waveguides,  the  dispersion  error  in  FDTD  is  very  high  near 
cutoff  (about  -3  percent),  decreases  to  a  minimum  of  -0.415  percent  at  30  GHz  (corresponding  to 
the  incidence  angle  of  45  degrees),  and  then  increases  again  to  larger  than  -2  percent  as  the  fre¬ 
quency  increases.  But  the  dispersion  error  in  SCN-TLM  is  constant  with  frequency  and  is  equal  to 
-0.415  percent,  the  minimum  value  obtained  with  the  FDTD  method.  We  also  observed  that  accu¬ 
rate  extraction  of  the  propagation  constants  demands  very  good  absorbing  bound^  conditions, 
otherwise  the  inaccuracies  of  the  order  of  three  percent  are  easily  obtained.  Higdon’s  second-order 
absorbing  boundaries  were  used  in  the  simulations.  In  the  case  of  SCN-TLM,  the  simulated  prop¬ 
agation  constant  values  were  obtained  for  the  whole  frequency  range  with  only  one  simulation 
(with  incidence  angles  of  30  and  45  degrees),  while  in  the  case  of  FDTD  several  simulations  had 
to  be  performed  with  different  sets  of  incidence  angles  to  extract  the  values  of  the  propagation 
constants  accurately. 


c)  Dispersion  of  FDTD  and  SCN-TLM  in  Waveguide  Cavity  Models 

Consider  a  waveguide  cavity  of  width  a,  height  b  and  depth  c,  discretized  with  N  cells  across  the 
width,  M  cells  across  the  height,  and  L  cells  across  the  depth. 

The  resonant  frequencies  that  would  be  obtained  with  a  FDTD  mesh  can  be  calculated  using  the 
following  equation: 
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The  resonant  frequencies  that  would  be  obtained  with  a  SCN-TLM  mesh  can  be  calculated  using 
the  following  equation: 
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Fig.  2:  Propagation  constant  (P)  errors  for  FDTD  and  SCN-TLM  solutions  of  the  dominant 
mode  in  a  WR  28  waveguide.  No.  of  cells  across  the  width  of  the  waveguide  =10 
—  FDTD  analytical,  *  FDTD  Simulated,  —  TLM  Analytical,  o  TLM  Simulated 
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The  analytically  exact  value  of  the  resonant  frequency  is: 
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(8) 


where  n  varies  from  1  to  N- 1,  m  varies  from  0  to  Af-1,  and  I  varies  from  1  to  L-1.  In  Table  1,  the 
exact  and  the  analytical  resonant  frequencies  (computed  using  (6)  and  (7))  of  the  first  ten  modes  in 
a  cubical  waveguide  cavity  for  the  SCN-TLM  and  FDTD  methods  are  compared. 

3.  Performance  of  One  Way  Equation  Absorbing  Boundaries 

Good  quality  ABCs  are  very  important  for  simulating  open  surfaces  in  radiating  and  scattering 
problems,  and  dispersive  matched  loads  for  extraction  of  scattering  parameters.  In  our  earlier 
work  [6],  we  found  that  Higdon’s  one-way  equation  absorbing  boundaries  perform  better  in  two- 
dimensional  shunt  TLM  than  in  two-dimensional  FDTD.  The  absorbing  boundaries  when  imple¬ 
mented  directly  for  the  TLM  voltage  impulses  gave  about  20  dB  better  return  loss  than  the  same 
absorbing  boundary  conditions  applied  to  the  electric  fields  in  FDTD.  In  this  paper,  we  have 
extended  this  work  to  three-dimensional  SCN-TLM  and  FDTD.  We  have  studied  the  absorption 
properties  of  Higdon’s  second-order  absorbing  boundaries  [10]  by  applying  them  at  the  two  ends 
of  a  WR  28  rectangular  waveguide  section.  The  mesh  size  was  (^xlO).  The  space  resolution  and 
time  step  were  0.7112  mm  and  1.185  ps,  respectively.  The  dominant  TEjq  mode  in  the  waveguide 
was  excited.  Cosine  modulated  Gaussian  temporal  variation  was  used  to  make  sure  that  only  the 
frequencies  of  interest  were  excited.  The  electric  field  values  were  sampled  along  the  propagation 
direction  and  Fourier  transformed  to  obtain  the  minimum  and  maximum  field  values  at  each 
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Mode 

Exact 

Analytical 

TLM 

(N=10) 

Analytical 

FDTD 

(N=10) 

Analytical 

TLM 

(N=20) 

Analytical 

FDTD 

(N=20) 

110 

4.44288 

4.43371 

4.43371 

4.44059 

4.44059 

111 

5.44398 

5.41838 

5.43576 

5.43576 

5.43999 

120 

7.02480 

7.00148 

6.96224 

7.01904 

7.00926 

121 

7.69530 

7.64577 

7.64742 

7.68331 

7.68341 

220 

8.8857 

8.81142 

8.81141 

8.86740 

8.86742 

221 

9.4247 

9.31444 

9.36885 

9.39852 

9.41099 

9.89714 

9.69848 

9.92536 

9.87616 

222 

10.8867 

10.68130 

10.83670 

10.83680 

10.8715 

230 

11.3272 

10.59460 

11.12650 

11.29470 

11.2779 

231 

11.7548 

11.57110 

11.58170 

11.71180 

11.7122 

Table  1:  Resonant  frequencies  (Ka)  of  a  cubical  waveguide  cavity  computed  using  analytical 
equations  (6)  and  (7)  and  the  exact  formula  (8): 


frequency.  The  magnitude  of  reflections  obtained  as  (VSWR-1)/(VSWR+1)  are  plotted  in  Fig.  3. 
We  can  see  that  the  reflections  obtained  for  the  ABC  applied  to  the  SCN-TLM  voltage  impulses 
are  lower  by  about  20  dB  when  compared  to  the  same  ABC  applied  to  PDTD.  This  good  absorp¬ 
tion  in  SCN-TLM  is  due  to  the  fact  that  as  the  voltage  impulses  contain  both  electric  and  magnetic 
fields,  it  is  equivalent  to  applying  ABC  to  both  electric  and  magnetic  fields  simultaneously.  It 
should  be  noted  here  that  the  superior  performance  of  the  absorbing  boundaries  in  the  two-dimen¬ 
sional  shunt  TLM  has  also  been  independently  observed  by  Giannopoulos  and  Tealby  [11]. 

4.  Conclusions 

The  dispersion  errors  of  SCN-TLM  and  FDTD  in  free  space  and  waveguide  structures  have  been 
studied.  Our  study  confirms  that  the  dispersion  error  in  SCN-TLM  is  less  than  that  of  the  FDTD 
method.  The  surprising  fact  is  that  the  dispersion  error  in  SCN-TLM  is  virtually  constant  with  fre¬ 
quency  for  TEjo  mode  of  propagation  in  rectangular  waveguide  stmctures.  This  constant  is  equal 
to  the  minimum  value  of  the  dispersion  obtained  with  the  FDTD  method. 

The  performance  of  Higdon’s  ABCs  in  SCN-TLM  and  FDTD  under  identical  conditions  has  been 
studied.  ABCs  applied  directly  to  the  SCN-TLM  voltage  impulses  absorb  better  than  those 
applied  to  the  FDTD  fields.  Also  the  choice  in  incidence  angles  in  the  design  of  ABCs  is  not  criti¬ 
cal  in  SCN-TLM.  These  features  of  SCN-TLM  offer  a  definite  advantage  over  the  FDTD  method. 
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ABSTRACT 

This  paper  presents  a  unified  frequency-  and  time-domain  analysis  of  planar  structure  printed  on 
generalized  anisotropic  medium  under  the  TLM  formalism.  Two-  and  three-dimensional  arbitrar>'  wave 
propagations  are  effectively  modeled  that  account  for  complex  electromagnetic  effects  of  both 
permittivity  and  permeability  tensors.  Computational  issues  and  technical  merits  are  presented  and 
discussed  for  the  frequency  and  time  domain  solutions.  Numerical  examples  are  shown  for  two 
orthogonally-oriented  microstrip  line  resonators  deposited  on  a  r-cut  sapphire  substrate.  Experimental 
prototypes  are  made  and  comparison  between  the  theoretical  and  measurement  results  indicates  that  the 
proposed  simulation  strategy  is  adequate  for  application  and  design  of  integrated  circuits  involving 
complex  anisotropic  materials. 


INTRODUCTION 

Modeling  and  analysis  of  guided-wave  propagation  for  complex  structures  involving  generalized 
anisotropic  media  have  been  a  research  subject  of  interest  since  decades  [1-8].  These  studies  are 
directed  to  the  aim  at  exploring  certain  unparalleled  electrical  properties  suitable  for  design  of 
microwave  and  millimeter- wave  integrated  circuits.  In  spite  of  a  number  of  interesting  aspects  known 
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for  these  complex  materials,  there  has  been  a  limited  design  information  available  now  on  this  subject. 
Apart  from  many  other  reasons,  modeling  techniques  become  much  more  involved  with  bi-isotropic 
and/or  bi-anisotropic  formulations  that  are  usually  coupled  to  each  other.  Although  some  analytical 
methods  were  reported  and  applied  to  the  analysis  of  regular  structures  under  some  strict  conditions 
related  to  material  parameter  and  geometrical  topology,  there  are  limited  techniques  available  which  can 
handle  generalized  guided-wave  structure  including  discontinuities  under  a  unified  algorithm.  Therefore, 
a  unified  framework  is  essential  for  exploring  new  features  of  these  complex  structure  which  should  be 
able  to  deal  with  the  modeling,  analysis,  and  circuit  design  aspects. 

The  transmission  line  matrix  (TLM)  method  was  first  proposed  by  P.  B.  Johns  for  the  analysis  of 
electromagnetic  structure  [9],  The  theoretical  foundation  of  this  technique  is  the  well-known  concept  of 
modeling  field  space  by  lumped  network  [10,  1  If  where  the  network  is  constructed  to  imitate  the  wave 
propagation  and  the  Maxwell’s  equation  is  satisfied  in  an  intrinsic  way.  With  a  distributed  parameter 
transmission-line  network  model,  the  wave  propagation  space  is  represented  by  a  mesh  of  transmission 
lines.  In  this  case,  electric  and  magnetic  fields  are  equivalent  to  modal  voltages  and  currents  defined  on 
the  network.  A  number  of  TLM  algorithms  have  been  developed  in  both  time-  and  frequency-domains 
[12-15]  whose  major  advantages  for  the  application  of  planar  structures  involving  anisotropic  materials 
will  be  briefly  presented  in  the  paper.  The  recent  proposal  for  a  unified  TLM  model  was  proposed  for 
handling  wave  propagation  in  electrical  and  optical  structures  considering  arbitrary  permittivity  and 
permeability  tensors  [16j.  This  model  is  extended  into  the  time  domain  which  is  also  a  subject  of  the 
present  work.  Therefore,  a  unified  frequency-  and  time-domain  TLM  algorithm  is  developed  to  tackle 
these  complex  problems.  To  verify  our  numerical  results,  experimental  prototypes  are  fabricated  and 
comparison  between  the  theoretical  prediction  and  measurement  results  is  made  to  show  the  suitability 
of  this  unified  technique  for  application  to  modeling,  design  and  analysis  of  high-frequency  planar 
circuits  involving  general  anisotropic  materials. 


UNIFIED  TLM  MODEL  IN  FREQUENCY-  AND  TIME-DOMAIN 

The  development  of  a  unified  TLM  model  in  the  frequency-  and  time-domain  is  actually  the  search  for  a 
generalized  TLM  node  in  the  frequency-  and  time-domain.  The  framework  of  development  such  a  node 
is  similar  to  that  of  the  conventional  SCN  except  that  the  anisotropic  parameters  are  involved  in  the 
formulation.  Starting  from  the  Maxwell’s  equation,  the  field  components  can  be  defined  in  the  discrete 
space  domain.  In  our  algorithm,  tensors  characterizing  material  electric  and  magnetic  properties  are 
expressed  under  the  Cartesian  coordinate  in  the  form  of 
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£  and  p  are  the  permittivity  tensor  and  permeability  tensor  of  the  medium,  respectively.  To  obtain  a 
standard  TLM  formulation  using  the  SCN  [17]  (see  Fig.  1),  an  equality  is  established  that  relates 
network  voltages  and  currents  to  the  electric  and  magnetic  fields.  Subsequently,  a  set  of  coupled  nodal 
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voltage  and  current  differential  equations  for  a  single  node.  A  central  finite-difference  is  used  at  the 
center  of  the  SCN  in  the  network  model  of  TLM  such  that  a  set  of  voltage  and  current  components  are 
obtained  at  the  boundary  planes  of  the  node.  Each  pair  of  voltage  and  current  variables  consists  of  a 
polarized  planar  wave.  Thereafter,  the  voltage  and  current  variables  are  adequately  transformed  at  the 
nodal  boundary  planes  into  relevant  incident  and  reflected  waves  [16,  17],  After  some  manipulation,  a 
relationship  can  be  set  up  to  interrelate  the  equivalent  voltage  and  current  variables  to  the 
corresponing  incident  voltages  as  described  in  a  matrix  equation. 

The  immediate  step  now  is  to  make  appropriate  averaging  of  the  relevant  nodal  voltages  and  currents  at 
the  center  of  the  node.  It  yields  six  pairs  of  hybrid  equations  that  interrelate  reflected  and  incident 
voltages  [16,  17].  As  such,  a  full  12x12  nodal  scattering  matrix  that  completely  describes  the 
scattering  property  of  the  TLM  node.  Furthermore,  the  matrix  consists  of  a  number  of  explicit  elements 
which  are  convenient  for  the  numerical  implementation. 

In  characterizing  planar  structures  having  electric  and  magnetic  tensors,  the  time-domain  model 
presents  the  following  major  advantages:  (a)  nonlinear  effects  can  be  incorporated  in  the  algorithm;  (b) 
multiport  structures  can  easily  be  simulated;  (c)  wideband  modeling  can  be  done  in  a  single  step;  and  (d) 
required  computer  resource  is  linearly  proportional  to  the  number  of  node  involved  in  the  simulation. 
On  the  other  hand,  the  frequency-domain  model  presents  a  number  of  advantages  which  are  found  to  be 
complementary  to  the  time-domain  model.  They  can  be  summarized  as  follows:  (a)  fast  steady-state 
solution  is  obtained  without  iterative  process;  (b)  the  dispersion  and  truncation  errors  can  be  minimized; 
(c)  frequency-dependent  anisotropic  materials  can  be  easily  introduced  in  the  model;  and  (d)  absorbing 
boundary  can  be  simulated  in  a  very  precise  manner.  Therefore,  the  appropriate  combination  of  the 
frequency-  and  time-model  will  generate  an  efficient  algorithm  which  can  find  application  in  modeling 
different  guided-wave  structures. 


NUMERICAL  AND  EXPERIMENTAL  RESULTS 

To  verify  our  unified  frequency-  and  time-domain  model,  a  set  of  experimental  prototypes  are 
fabricated  in  the  laboratory  with  a  r-cut  Sapphire  substrate  having  a  thickness  of  10  mil  as  shown  in  Fig. 
2.  Details  are  presented  in  [16]  in  connection  with  the  electrical  parameter  of  the  r-cut  substrate.  In  our 
experiments,  two  sets  of  planar  line  resonators  as  shown  in  Fig.  3  are  made  which  are  placed  in  0  (or  x- 
oriented)  and  90®  (or  y-oriented)  orientations,  respectively.  This  orthogonal  arrangement  is  made  such 
that  the  anisotropic  effect  can  be  visualized  in  the  numerical  and  experimental  results  (see  Fig.  5)  since 
identical  circuit  dimensions  are  selected.  In  addition,  two  sets  of  patch  resonators  are  also  simulated  to 
showcase  our  unified  model,  as  plotted  in  Fig.  4.  The  ohmic  loss  is  not  considered  in  modeling  of  these 
examples. 

It  can  be  seen  that  anisotropic  effects  are  clearly  indicated  in  both  models.  Compared  to  the 
experimental  results,  it  is  found  that  the  frequency  domain  results  are  more  accurate  than  its  time 
domain  counterpart.  This  can  be  explained  that  the  dispersion  and  discretization  errors  can  be 
minimized  in  the  frequency  domain.  This  is  in  particular  significant  in  the  case  of  handling  a  planar 
structure  because  the  modeling  of  field  singularity  is  closely  related  to  the  solution  accuracy  for  which 
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the  frequency  domain  is  easier.  In  modeling  the  patch  resonators  for  the  two  orthogonal  orientations,  it 
is  observed  that  the  anisotropic  effect  is  much  more  pronounced  in  the  frequency  domain  solution. 
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Fig.  5  Experimental  results  for  two  identical  line  resonator  prototypes  which  are 
placed  in  0  and  90  degree  orientations,  respectively. 


A  digital  filter  technique  for  electromagnetic  modelling  of  thin 
composite  layers  in  TLM 
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Abstract 

The  paper  describes  a  method  for  designing  recursive  filters  for  frequency  dependent 
boundary  conditions  in  the  TLM  method  using  frequency  domain  data.  The  approach  de¬ 
scribed  here  allows  the  development  of  boundary  conditions  representing  thin  inhomogeneous 
composite  materials  w'here  an  analytical  approach  is  excessively  complex. 

1  Introduction 

The  Transmission  Line  Matrix  (TLM)  method  has  been  used  to  model  enclosures  whose  walls 
are  composed  of  material  which  is  strongly  conducting.  Typically  energy  penetration  into  such 
enclosures  is  via  apertures  and  cabling:  the  walls  can  be  considered  to  be  approximated  by  perfect 
conductors.  As  such  the  walls  are  often  incorporated  using  a  boundary  between  nodes  in  the  TLM 
mesh.  The  effects  of  the  walls  are  modelled  using  frequency-independent  reflection  coefficients, 
typically  of  value  —1:  there  is  no  transmission  allowed.  This  has  proved  to  be  successful  where 
the  dominant  energy  penetration  mechanism  is  via  apertures. 

In  the  case  where  the  enclosure  walls  are  composed  of  thin  sheets  of  a  moderately  conducting 
material  (for  example,  materials  with  conductivities  in  the  range  of  IkS/m  to  30kS/m),  and 
wffiere  the  energy  penetration  mechanism  is  not  dominantly  through  apertures  and  cabling,  the  use 
of  a  fixed  reflection  coefficient  and  zero  transmission  coefficient  is  inadequate.  In  this  case,  it  is 
necessary  to  use  boundaries  with  frequency  dependent  reflection  and  transmission  coefficients. 

Direct  incorporation  of  the  walls  within  the  normal  TLM  mesh  is  possible,  but  requires  a 
prohibitively  small  grid  size. 

1.1  Thin  Layer  Models 

Various  methods  for  circumventing  this  problem  have  been  tried.  Mallik  and  Loller  [1]  present  a 
method  using  a  parallel  combination  of  resistors  to  represent  the  frequency  dependent  reflection 
and  transmission  properties  of  thin  sheets  of  conducting  materials.  This  becomes  computationally 
inefficient  when  many  layers  of  resistance  are  required  to  model  the  composite  structure. 

Since  the  lateral  propagation  in  such  materials  is  negligible,  the  efficiency  of  the  computation 
can  be  increased  if  only  propagation  through  the  layer  is  considered.  Johns  et  al  [2]  have  proposed 
such  a  method  using  lossy,  loaded  transmission  lines  later  improved  by  Trenkic  [3]. 
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Fuchs  14]  has  succeeded  in  demonstrating  a  full  analytical,  time-domain  solution  to  the  trans¬ 
mission  through  thin,  homogeneous,  isotropic  conducting  layers.  The  authors  have  also  presented 
an  approximate  solution  [5]  in  series  form  using  a  filter  design  of  the  type  proposed  m  this  paper 
Other  thin  layer  models  have  been  derived  for  the  Finite  Difference  Time-Domain  method.  A 
vast  majority  of  this  work  is  concerned  with  perfect  conductors  or  infinitely  thin  sheets.  Other 
methods  such  as  those  described  by  Maloney  [6]  primarily  consider  the  modeUing  of  thin  conducting 
sheets  of  relatively  low  conductivity.  They  do  not  take  into  account  the  decay  of  fields  propagating 
through  a  conductor  which  is  many  skin-depths  thick. 

1.2  New  thin  layer  model 

The  implementation  described  here  is  designed  in  the  frequency  domain  using  discrete  time  re¬ 
cursive  digital  filters.  It  is  applicable  to  composite  materials  with  complex  internal  structures  that 
cannot  be  solved  by  analytical  means.  The  filter  algorithm  can  be  determined  from  measured, 
frequency-domain  data.  This  paper  describes  the  design  of  the  filter  algorithms  from  measured  or 
computed  data. 

2  Use  of  digital  filters  as  frequency  dependent  boundaries 
in  TLM 

This  section  reviews  the  operation  of  recursive  digital  filters  and  their  application  as  frequency 
dependent  boundaries  in  TLM. 

2.1  Digital  filters 

Digital  filters  are  the  embodiment  of  a  set  of  difference  equations  in  a  sampled  data  system.  Figure 
1  shows  one  way  of  implementing  a  digital  filter  of  order  N,  where  the  order  N  is  the  greater  of 
the  orders  Nb  and  Na-  The  unit  time  delay  is  represented  by  the  boxes  marked  Z  ,  the  triangles 
labelled  or  hn  are  coefficient  multipliers,  and  the  circles  containing  a  plus  sign  are  adders  (with 
a  minus  sign  on  an  input  denoting  subtraction). 


Figure  1;  Structure  of  an  Nth  order  recursive  digital  filter 

The  transfer  function  of  the  filter  is  often  described  as  a  ratio  of  polynomials  in  Z  ^  This  can 
be  used  to  determine  the  time  response  of  the  filter,  by  means  of  Z-transforms,  or  the  frequency 
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response  of  the  filter  by  letting  2  ~  exp[jujTs)  where  uj  is  the  angular  frequency  and  Ts  is  the 
sampling  period.  For  Figure  1  the  transfer  function  in  Z~^  is: 


H(Z)  = 


bo  +  Z-‘6,  +  +  ■■■ 

1  +  Z-‘ai  +  Z-2a2  +  •  •  •  Z-(''"-2)aN,-2  +  Z-('''"-i)oa.„-,  +  Z-'^'-aw, 


(1) 


Using  the  structure  of  Figure  1  can  cause  numerical  problems.  In  practice  filters  are  often  imple¬ 
mented  as  a  cascade  of  second  order  sections  which  gives  improved  numerical  accuracy.  In  order 
for  the  filter  to  be  stable  the  poles  of  Equation  1  (zeros  of  the  denominator)  must  lie  inside  the 
unit  circle  on  the  Z-plane. 


2.2  Realisation  of  TLM  boundary 

The  digital  filter  as  described  above  has  a  single  input  and  a  single  output.  A  boundary  in  TLM  is 
defined  by  reflection  and  transmission  in  two  directions  and  each  with  two  polarisations.  For  each 
boimdary  element,  four  filters  must  be  used  for  transmission  and  four  for  reflection.  Often  the 
number  of  filters  can  be  reduced:  e.g.  to  model  ferrite  tiles  [7],  used  as  radio  absorptive  material 
against  a  metal  backing,  only  the  reflection  coefficients  for  one  direction  and  two  polarisations  are 
required. 


3  The  Wiener-Hopf  algorithm  applied  to  recursive  design 


Here  the  design  of  a  least-mean-squares  ‘best-fit’  filter  using  measurement  or  simulation  data  is 
described.  The  method  is  based  on  a  novel  application  of  the  Wiener-Hopf  equation  for  signal 
estimators  as  described  in  [8,  pp250-264].  The  same  method  is  also  described  by  Levy  [9]  and 
used  in  the  Matlab  ‘Signal  processing  toolbox’  [10]  routines  ‘invfreqz’  and  ‘invfreqs’. 

If  we  rewrite  Equation  1  as: 


H{Z)  = 


B{Z) 

1  +  A(Z) 


(2) 


and  assume  we  wish  to  choose  the  coefficients  of  A{Z)  and  B{Z)  so  that  H{Z)  is  the  best  fit  to 
the  fimction  G{Z).  The  error  in  the  fit,  in  the  frequency  domain  is  given  by: 


e'ijuj)  = 


BUio) 

1  -i-  A{jLj) 


-  G{ju) 


} 


(3) 


where  is  the  error,  G{jiL))  is  the  desired  frequency  response  and  is  the  frequency 

response  of  the  filter  calculated  by  substituting  Z  =  exp{iij:Ts)  in  H[Z).  S{ju))  is  a  weighting 
function  which  can  be  chosen  to  make  the  problem  more  sensitive  to  errors  at  particular  frequencies. 

In  principle  the  mean  squared  error  \t\'^  can  be  calculated  and  minimised  over  the  desired 
frequency  range.  However  H  has  very  non-linear  dependence  on  the  coefficients  of  A  and  is 
difficult  to  minimise.  Widrow  and  Steams  [8,  pp250-264]  suggest  an  alternative  formulation  which 
overcomes  this  problem.  If  we  multiply  both  sides  of  Equation  3  by  (1  -f  A{juj))  we  get: 

€(jw)  =  (1  -f  A{ju})y[juj)  -  -S[ju})G{ju))  -  S{juj)G{y)A{3u))  -1-  S{ju:)B{ju)  (4) 
The  new  error  €  is  dependent  upon  A  but  minimising  jep  also  minimises  |e'p. 
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If  we  make  [e]  a  column  vector  of  K  samples  of  the  error  at  discrete  frequencies  Equation 
4  can  be  written  as: 

[.]  =  [D]  -  [XKTF]  (5) 

where  [J9]  is  the  vector  containing  the  product  —Skgk- 

[D]  -  [-Si5i,  -S292,  •  •  • ,  -SKOK-f  (6) 

[X]  is  the  matrix  combining  the  products  Tia  =  and  — = 

0, . . .  Nb  which  multiply  the  coefficients  and  of  the  filter: 


aiSie-''-'"'’’- 

—Si  —SiS 

— Sie 

S2g2e-^’“‘^-  ■■■ 

S2g2e-’''‘’‘^^- 

-S2  •  •  • 

[X]  = 

5353 

asSse'"-’"*--''  ■■■ 

-S3  -  •  • 

■■■ 

-5a'  ■ 

(7) 

[W]  is  : 

the  vector  containing  the  (unknown) 

[TV]  =  [ai,n2, 

filter  coefficients 

■  •  ■  bo,bi,  -  •  • 

and  6n(,: 

(8) 

If  denotes  the  real  part  of  x,  [(5]^  is  the  transpose  of  [Q]  and  [Q]*  is  the  conjugate 

transpose  of  [Q],  the  mean  squared  error  is: 

UF=  +  WfimXW]  -  2[I)]m-[Wl}  (9) 

If  we  let  [fil  =  K{1A:1*[X1}  and  P  =  «{[X]-[D])  then 

w=^  {[PHD] + [wvmm  -  2[pfm}  (“>) 

In  order  to  determine  the  minimiun  mean  squared  error  we  can  differentiate  Equation  10  with 
respect  to  the  coefficient  vector,  [IE"],  and  equate  to  zero: 

|||i  =  l{2[fl][W'-]-2[Pl}  =  0  (11) 

This  is  a  system  of  linear  equations  which  can  be  solved  by  matrix  inversion  to  give  the  filter 
coefficients: 

[TV]  =  [ii]-‘[P]  '  (12) 

Thus  it  is  possible  to  design  a  filter  to  give  a  least-mean-sqnares  fit  to  measured  or  computed  data 
for  a  thin  layer. 

This  technique  has  two  potential  problems: 

1.  The  filter  design  is  not  necessarily  stable. 

2.  The  required  filter  order  is  also  unknown. 

The  next  section  shows  results  of  using  the  method  to  design  filters  to  match  reflection  and  trans¬ 
mission  coefficients. 


4  Results 

4.1  Perforated  screen 

Here  the  transmission  coefficient  of  a  perforated  screen  was  simulated  using  a  fine  grid  TLM  model 
(0.1  mm)  and  the  resulting  frequency  domain  data  used  to  design  a  transmission  filter  for  use  as  a 
boundary  in  a  larger  mesh  (10  cm).  A  set  of  50  data  points  were  used  to  represent  the  frequency 
domain  data  (ie.  K  =  50).  Filters  of  increasing  order  were  designed  and  the  mean  squared  error 
for  a  range  is  tabulated  in  Table  1  below. 


Poles 

Zeros 

Mean  squared  error 

Note 

2 

2 

0.00049888 

8 

4 

0.00024546 

9 

9 

0.00016312 

10 

10 

0.00011883 

Unstable 

Table  1:  Mean  squared  error  for  a  range  of  ‘perforated  screen’  filter  designs 


The  weighting  function  5  =  l/tC?|  was  used  so  that  the  relative  error  tended  to  be  the  same  at 
all  frequency  points.  Filters  of  order  10  and  above  were  unstable  and  therefore  not  used. 


Frequency  (Hz) 


Figure  2:  Frequency  response  of  transmis¬ 
sion  through  a  perforated  screen  (Specifica¬ 
tion)  and  filter  designs  of  order  2  and  9. 


Figure  3:  Phase  response  of  transmission 
through  a  perforated  screen  (Specification) 
and  filter  designs  of  order  2  and  9. 


Figures  2  and  3  show  the  magnitude  and  phase  response  of  the  filters  of  order  2  and  9  with  the 
original  specified  response.  Figures  4  and  5  show  the  error  in  magnitude  and  phase  response  of 
the  filters  as  a  fimction  of  frequency.  The  frequency  range  extends  to  half  the  sampling  frequency 
of  the  10  cm  mesh,  however  results  from  TLM  would  normally  only  be  used  for  one  tenth  of  this 
range.  It  can  be  seen  that  both  filters  have  better  accuracy  in  the  low  frequency  range,  this  is 
probably  due  to  the  difficulty  of  controlling  the  frequency  response  near  the  upper  limit  in  digital 
filters. 
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Figure  4:  Magnitude  error  for  ‘perforated 
screen’  filter  designs  of  order  2  and  9. 


Figure  5:  Phase  error  for  ‘perforated  screen’ 
filter  designs  of  order  2  and  9. 


4.2  Ferrite  tile 

The  reflection  coefficient  of  a  ferrite  tile  was  computed  with  TLM  using  a  1.05  mm  grid  using  the 
technique  in  [11].  The  Wiener-Hopf  design  technique  was  then  used  to  compute  the  filter  design 
suitable  for  use  in  a  TLM  model  with  10  cm  grid.  This  was  also  compared  with  the  2nd  order 
approximation  described  in  [12].  A  set  of  200  data  points  were  used  to  represent  the  frequency 
domain  data  (ie.  K  =  200).  Filters  of  order  3  or  less  produced  unsatisfactory  results.  The  first 
design  to  produce  an  acceptable  approximation  to  the  desired  frequency  response  was  of  order 
4.  It  was  however  unstable.  The  filter  was  stabilised  by  removing  the  unstable  pole  and  nearby 
zero,  or  alternativelv  bv  simply  moving  the  unstable  pole  inside  the  unit  circle  such  that  its  effect 
on  the  magnitude  response  was  unchanged.  The  mean  squared  error  for  a  number  of  designs  is 
shown  below^  in  Table  2  below.  Filters  1-3  have  5  =  l/|Gl  however  it  was  noticed  that  the  zero 


No. 

Poles 

Zeros 

Mean  squared  error 

Note 

1 

4 

4 

0.00024291 

Unstable  S  =  IjG 

2 

3 

3 

0.0023514 

By  removing  pole  and  zero  outside  unit  circle  from  1 

3 

3 

3 

0.013959 

By  stabilising  polynomial  of  1 

4 

4 

4 

0.00030563 

Unstable  (changed  S) 

5 

3 

3 

0.0024013 

By  removing  pole  and  zero  outside  unit  circle  from  4 

Table  2:  Mean  squared  error  for  a  range  of  ‘ferrite  tile’  filter  designs 


frequency  gain  of  the  filter  had  a  large  error.  For  filters  4  and  5  the  zero  frequency  weighting 
was  increased  by  a  factor  of  10  which  reduced  the  zero  frequency  error  for  a  small  increase  in 
overall  error  (comparing  filter  5  with  filter  2).  This  demonstrated  the  importance  of  the  weighting 
function  in  controlling  the  overall  error. 

Figures  6  and  7  show  the  frequency  and  phase  response  of  the  two  3rd  order  filters  cornp^ed 
with  the  specified  frequency  response  and  the  result  of  the  2nd  order  approximation  of  [12j.  The 
responses  of  the  two  3rd  order  filters  are  almost  indistinguishable  at  this  resolution.  It  can  be  seen 
that  the  Wiener-Hopf  design  is  slightly  more  accurate  than  the  2nd  order  approximation  at  higher 
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frequencies.  However  phase  information  is  required  for  the  Wiener-Hopf  design  which  must  be 
measured  or  determined  by  simulation  whilst  the  2nd  order  approximation  can  be  computed  from 
the  magnitude  of  the  tile’s  reflection  coefficient  only. 


Frequency  (Hz) 


0  56406  16409  1.56409  26409  2.56409  36409 

Frequency  (Hz) 


Figure  6:  Frequency  response  of  reflection  Figure  7:  Phase  response  of  reflection  from  a 
from  a  ferrite  tile  absorber  (Specification)  and  ferrite  tile  absorber  (Specification)  and  filter 
filter  designs  of  order  2  and  3.  designs  of  order  2  and  3. 


Figures  8  and  9  show  the  error  in  the  magnitude  and  phase  response  of  the  3rd-order  filters  as 
a  function  of  frequency. 


0  56408  16409  1.56409  26409  2.56409  36409 


Frequency  (Hz) 

Figure  8:  Magnitude  error  for  the  ‘ferrite  tile’ 
filter  designs  of  order  3. 

5  Conclusions 


Frequency  (Hz) 

Figure  9:  Phase  error  for  the  ‘ferrite  tile’  filter 
designs  of  order  3. 


The  Wiener-Hopf  algorithm  allows  frequency  dependent  boundary  conditions  to  be  designed  from 
measured  or  computed  frequency  response  (phase  and  magnitude).  However  the  order  of  the  filter 
must  be  determined  experimentally  and  sometimes  manual  interaction  is  required  to  stabilise  the 
filter. 

The  algorithm  will  find  application  in  the  modelling  of  thin  lossy  layers,  such  as  composite 
materials,  where  the  transmission  and  reflection  coefficients  can  be  measured  or  computed  in  the 
frequency  domain. 
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1  Introduction 

The  presence  of  a  slotted  waveguide  array  antenna  on  a  radar  target  may  have  a  significant  contribution  to 
the  overall  radar  cross-section  (RCS)  of  the  target.  Therefore,  the  computation  of  the  RCS  should  include 
the  scattering  from  the  slot  array.  Recently,  a  method  of  moments  (MoM)  procedure  has  been  introduced 
to  compute  the  scattering  from  a  cylindrically  conformal  slotted-W'aveguide  array  antenna  [1.2].  However, 
this  procedure  does  not  take  into  account  the  geometry  in  w'hich  the  slot  array  is  located.  If  the  slot 
array  is  located  in  a  complex,  three  dimensional  (3-D)  geometry,  the  MoM  cannot  efficiently  account  for 
the  effect  of  the  geometry.  A  more  efficient  method  to  compute  the  scattering  from  a  large.  3-D  body  is 
the  high  frequency  shooting  and  bouncing  ray  (SBR)  method.  However,  this  method  cannot  accurately 
account  for  the  slots,  each  of  which  is  typically  smaller  than  an  electromagnetic  wavelength  in  size.  In 
this  paper,  the  MoM  computation  of  the  scattering  from  a  slot  array  is  hybridized  with  the  SBR  method 
to  compute  the  electromagnetic  scattering  from  a  large,  3-D  target  wffiich  includes  a  slot  array  antenna. 

The  basis  of  the  hybrid  method  is  the  field  equivalence  principle,  which  allows  the  scattering  geometry 
to  be  decomposed  into  separate  regions.  The  MoM  is  applied  to  the  slotted  waveguides,  wffiile  the  SBR 
method  is  applied  to  the  region  outside  the  waveguides,  which  includes  the  complex,  3-D  target.  By 
using  the  hybrid  method,  the  scattering  from  a  large,  3-D  target,  which  includes  a  slotted-w^aveguide 
array  antenna,  can  be  efficiently  and  accurately  computed. 

The  remainder  of  this  paper  is  divided  into  five  sections.  Section  2  describes  the  formulation  of  the 
problem,  including  the  use  of  the  MoM,  the  use  of  the  SBR  method,  and  techniques  to  decouple  the 
computations  of  the  two  methods.  Section  3  describes  briefly  how  the  method  has  been  tested,  and 
Section  4  gives  some  numerical  results  which  show'  the  capability  of  the  method.  The  results  in  Section  4 
also  demonstrate  the  need  to  include  the  slot  array  in  scattering  computations.  Finally.  Section  5  gives 
a  brief  conclusion. 

2  Formulation 

Consider  the  example  target  shown  in  Figure  la.  The  target  is  complex  and  3-D.  and  it  includes  a 
slotted  waveguide  array  antenna  on  its  surface.  The  slotted  waveguide  array  antenna  may  be  planar,  or 
it  may  conform  to  the  surface  of  a  cylinder.  The  first  step  to  compute  the  scattering  from  this  target 
is  to  analyze  the  slotted  waveguides  using  the  MoM.  Then,  the  scattering  from  the  target  with  the  slot 
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Region  I 
(outside) 


-M, 


(a)  Large  target  (b)  Local  slot  geometr}- 


Figure  1:  Example  of  a  complex,  3-D  target  with  a  slot  array  antenna  and  the  local  slot  geometry. 

apertures  covered  by  perfect  electric  conductor  (PEC)  is  computed  using  the  SBR  method.  During  the 
SBR  calculation,  the  incident  field  on  the  slot  array  antenna  is  computed  and  stored.  This  incident  field 
is  combined  with  the  MoM  analysis  to  find  an  equivalent  magnetic  current  on  the  outer  aperture  of  each 
slot.  Finally,  the  radiation  of  these  equivalent  magnetic  currents  in  the  presence  of  the  complex,  3-D 
target  is  computed  using  the  reciprocity  theorem.  This  result  is  added  to  the  previously  computed  SBR 
scattering  result. 

2.1  Use  of  MoM 

The  first  step  in  the  formulation  of  the  problem  is  to  analyze  the  slotted  waveguides  using  the  MoM. 
There  are  two  main  steps  in  the  application  of  the  MoM,  First,  the  problem  must  be  described  in  terms 
of  an  integral  equation.  Then,  the  integral  equation  is  discretized  to  find  a  numerical  solution.  The  steps 
are  outlined  here,  and  more  detail  is  given  in  [1,2]. 

To  derive  the  integral  equation,  the  apertures  of  each  slot  are  first  covered  with  PEC,  and  equivalent 
magnetic  currents  over  each  aperture  are  introduced.  Figure  lb  depicts  the  situation  for  the  slot. 
The  region  outside  of  the  antenna  is  denoted  Region  I,  the  region  inside  the  slot  is  Region  II,  and  the 
region  outside  of  the  slot  but  inside  the  waveguide  is  Region  III.  An  equivalent  magnetic  current  M“  is 
introduced  on  the  inside  of  the  outer  slot  aperture  (between  Regions  I  and  II),  and  the  equivalent  current 
Mf  is  introduced  on  the  waveguide  side  of  the  inner  aperture  (between  Regions  II  and  III).  Because  the 
electric  field  must  be  continuous  across  each  aperture,  -M?  must  be  introduced  on  the  outside  of  the 
outer  aperture,  and  -MJ  must  be  introduced  on  the  slot  side  of  the  inner  aperture.  Note  that  when 
the  analysis  is  complete,  -Mf  are  the  currents  that  radiate  in  the  presence  of  the  complex,  3-D  body  as 
discussed  above. 

To  derive  the  integral  equation,  the  continuity  of  the  tangential  magnetic  field  across  each  aperture 
is  enforced.  Denoting  the  tangential  magnetic  field  in  Region  III  on  the  slot  aperture  due  to  the 
magnetic  current  on  the  aperture  as  H5.?(M5),  the  following  must  hold  on  each  inner  aperture: 

X;  hS'(M5)  -H  HS(Mf)  -  HS(M“)  =0.  (1) 

j 

Further,  denoting  the  tangential  incident  field  on  the  slot  aperture  as 

nlmj)  +  HS(Mf)  -  h5{mJ)  =  (2) 
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must  hold  on  each  outer  slot  aperture.  Note  that  the  incident  fields  are  calculated  using  the  SBR  method, 
and  the  magnetic  field  due  to  a  magnetic  current  is  found  from 

H“{M)  =  JJ 5“(r, r')  ■  M(r')<i5'  (3) 

5 

where  o  is  I,  II,  or  III,  depending  on  the  region  of  interest,  G“(r,  r')  is  the  magnetic  source-magnetic  field 
dyadic  Green’s  function  in  the  appropriate  region,  and  r  corresponds  to  the  point  at  which  the  magnetic 
field  is  to  be  evaluated.  Combining  Equations  1,  2,  and  3  gives  an  integral  equation  for  the  magnetic 
currents. 

The  second  main  step  in  application  of  the  MoM  is  to  discretize  the  integral  equation  to  find  a 
numerical  solution  for  the  currents. _  To  accomplish  this  step,  the  currents  are  expanded  in  terms  of 
sinusoidal  basis  functions.  Defining  |  to  be  the  direction  parallel  to  the  lengths  of  the  slots  and  using  a 
local  coordinate  system  in  which  =  0  at  one  end  of  the  slot,  the  current  on  the  slot  aperture  is 
expanded  as 

=  (4) 

where  A  is  the  number  of  terms  in  the  expansion,  and  3  represents  a  for  the  current  on  the  outer  aperture 
or  b  for  the  current  on  the  inner  aperture.  Equation  4  is  valid  for  points  on  the  slot  aperture:  for 
points  outside  of  the  aperture,  the  expansion  is  defined  to  be  zero.  Assuming  the  width  of  a  slot  is  much 
less  than  its  length,  the  ^  component  of  the  current  is  the  only  component  of  interest. 

Substituting  the  expansion  given  in  Equation  4  into  the  integral  equation  allow^s  the  integral  equation 
to  be  converted  to  a  matrix  equation  which  can  be  solved  numerically.  For  the  more  details  about 
solving  the  integral  equation,  the  reader  is  referred  to  [1,2].  However,  one  important  step  that  should 
be  mentioned  here  is  the  derivation  of  the  dyadic  Green’s  functions  for  the  various  regions.  The  Green’s 
functions  given  in  [1,2]  for  Regions  II  and  III  are  applicable  to  the  present  problem.  For  Region  I.  the 
dyadic  Green’s  function  can  be  written  as 

G  {r,  r')  =  F)  +  r').  (5) 

The  Green’s  function  given  in  [1,2]  for  the  exterior  region  corresponds  to  r').  and  r')  is 

a  perturbation  term  Jo  diffraction  and  reflection  by  the  complex  target  in  which  the  slot  array  is 

embedded.  Neglecting  G  (r,  r')  neglects  fields  which  are  scattered  by  the  slots,  diffracted  or  reflected 
by  the  large  body  back  to  the  slots,  and  scattered  by  the  slots  again  [3].  These  fields  are  usually  an 
insignificant  part  of  the  scattering,  and  this  term  is  neglected  in  the  computations.  Thus,  the  Green’s 
function  given  in  [1,2]  for  Region  I  is  used  for  the  present  problem. 

2.2  Use  of  SBR 

As  previously  mentioned,  the  MoM  is  used  to  analyze  the  slot  array  antenna  while  the  SBR  method  is 
used  for  the  remainder  of  the  problem.  Thus,  there  are  three  main  tasks  to  be  accomplished  by  the  SBR 
method:  to  compute  the  scattering  from  the  complex,  3-D  target,  to  compute  the  incident  magnetic 
fields  on  the  slot  apertures,  and  to  compute  the  radiation  of  the  equivalent  currents  on  the  slot  apertures 
in  the  presence  of  the  complex,  3-D  target.  In  all  of  these  cases,  the  slot  apertures  are  covered  with  PEC. 

In  the  SBR  method,  a  dense  grid  of  rays,  corresponding  to  a  plane  wave,  is  launched  tow^ard  the 
target,  and  each  ray  is  traced  as  it  bounces  around  the  target.  The  bounces  are  governed  by  Geometrical 
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Optics  (GO),  and  zs  each  ray  leaves  the  target,  its  contribution  to  the  scattering  is  computed  by  a 
Physical  Optics  (PO)  integration.  If  more  accuracy  is  desired,  the  first  order  edge  diffracted  terms  are 
computed  using  the  Geometrical  Theory  of  Diffraction  (GTD)  and  added  to  the  result  [3-6].  For  the 
present  problem,  this  SBR  procedure  is  followed  to  compute  the  scattering  from  the  complex,  3-D  target 
with  the  slot  apertures  closed  by  PEC.  The  SBR  procedure  is  implemented  using  the  XPATCH  software 

package  [4, 5].  .  i.  ■ 

The  incident  magnetic  field  on  the  slot  apertures  is  computed  using  SBR  at  the  same  time  the 
scattering  from  the  complex,  3-D  target  is  computed.  While  tracing  the  rays  to  find  the  scattering,  some 
rays  will  hit  on  or  near  a  slot  aperture.  The  field  contributions  from  each  of  these  rays  are  combined  with 
appropriate  phase  shifts  to  find  the  incident  magnetic  field  on  each  slot  aperture.  The  incident  magnetic 
fields  on  the  slot  apertures  are  used  by  the  MoM  to  compute  the  equivalent  magnetic  currents  on  the 
apertures. 

The  remaining  step  in  the  problem  is  to  compute  the  radiation  of  the  magnetic  currents  m  the  presence 
of  the  large  body.  The  SBR  method  together  with  the  reciprocity  theorem  is  employed  for  this  task  [3, 6]. 
Consider  an  infinitesimal  dipole  placed  at  the  scattering  observation  point.  If  the  target  containing  the 
slot  array  is  in  the  far  field  of  the  dipole,  the  dipole  launches  a  plane  wave  toward  this  target.  Recall 
that  for  the  SBR  method,  the  grid  of  rays  launched  toward  the  target  corresponds  to  a  plane  wave.  >Jote 
also  that  the  reciprocity  theorem  states 

JJ I  .  jdV  -  jj  •  M“  (6) 

V  s 

where  is  the  incident  field  on  the  slot  apertures  due  to  the  dipole  at  the  scattering  observation  point, 

is  the  current  on  the  outer  slot  apertures,  which  is  found  using  the  MoM,  is  the  radiation  due  to 
-M“  and  J  is  the  dipole  current.  Thus,  if  the  dipole  current  (J)  is  appropriately  chosen  and  monostatic 
scattering  is  being  computed,  all  components  to  find  using  reciprocity  are  computed  already.  If 

bistatic  scattering  results  are  desired,  Hf  ®  resulting  from  a  dipole  at  the  scattering  observation  point 
must  be  computed  first,  then  can  be  computed. 

2.3  Decoupling  the  MoM  from  the  SBR  Method 

As  they  are  presented  in  Section  2.1,  the  MoM  computations  are  coupled  to  the  SBR  method  computa¬ 
tions.  This  is  due  to  the  fact  that  the  incident  magnetic  field  on  the  slot  apertures,  which  is  computed 
using  the  SBR  method,  is  required  for  the  MoM  computations.  To  avoid  having  to  repeat  the  MoM 
computations  in  order  to  analyze  the  scattering  from  many  different  incidence  angles,  it  is  desirable  to 
decouple  the  computations  of  the  two  methods.  There  are  two  ways  of  doing  this.  The  first  method 
preserves  the  coupling  interactions  between  different  slots;  the  second  involves  an  approximation  which 
neglects  the  coupling  between  different  slots  to  achieve  lower  computational  complexity. 

°To  decouple  the  MoM  computations  from  the  SBR  computations  while  preserving  the  coupling  be¬ 
tween  the  various  slots,  the  incident  magnetic  field  on  the  slot  apertures  can  be  expanded  in  terms  of 
basis  functions.  Assuming  that  the  width  of  a  slot  is  much  less  than  its  length,  the  component  of  the 
incident  magnetic  field  along  the  length  of  a  slot  is  the  only  component  of  interest.  A  convement^basis 
set  is  the  set  of  pulse  basis  functions,  where  the  basis  function  is  defined  to  be  one  on  the  *  slot 
aperture  and  zero  elsewhere.  There  will  be  n  basis  functions  in  the  set,  where  n  is  the  number  of  slots 
in  the  array.  The  magnetic  currents  on  each  slot  aperture  are  then  computed  with  the  incident  field  on 
the  slot  array  set  equal  to  each  of  the  n  basis  functions  in  turn.  A  matrix-vector  multiply  is  then  carried 
out  during  the  SBR  computations.  This  matrix-vector  multiply  converts  the  incident  magnetic  fields  on 
the  slot  apertures  to  the  equivalent  currents  on  the  apertures. 
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Figure  2:  Configuration  of  the  slots  on  the  surface  of  a  waveguide. 


The  second  method  of  decoupling  the  MoM  computations  from  the  SBR  computations  neglects  the 
coupling  between  the  individual  slots.  One  slot  on  the  slot  array  is  chosen,  and  it  is  assumed  that  this 
slot  is  the  only  slot  present.  The  MoM  computation  is  carried  out  with  a  magnetic  field  of  unit  amplitude 
on  this  slot,  and  the  result  is  a  magnetic  current  for  the  slot.  It  is  then  assumed  that  all  of  the  slots 
in  the  array  are  equivalent;  the  magnetic  current  on  each  slot  is  set  equal  to  the  magnetic  field  on  that 
slot  times  the  single  magnetic  current  which  is  computed  by  the  MoM.  This  approximation  reduces  the 
computational  complexity  and  the  sizes  of  data  files.  However,  it  does  not  produce  accurate  results  when 
the  frequency  is  near  the  working  frequency  of  the  slot  array.  This  is  demonstrated  in  Section  4. 

3  Testing 

Before  using  any  new  numerical  technique,  the  technique  should  be  tested  against  existing  techniques  to 
ensure  its  validity.  The  validity  of  the  MoM  computation  involving  the  coupling  between  the  different 
slots  in  the  array  is  validated  by  comparison  with  previous  MoM  and  finite  element  method  (FEM) 
techniques  [2,7].  The  SBR  method  is  also  validated  through  extensive,  previous  testing  [4,5].  The 
hybrid  technique  is  validated  by  comparison  with  a  previous  hybrid  method  to  compute  the  scattering 
from  complex  targets  with  cracks  and  cavities  on  their  surfaces  [3].  This  is  accomplished  by  considering 
a  waveguide  with  a  single  slot  on  its  surface.  The  slotted  waveguide  is  placed  an  a  large  plate,  and  the 
problem  is  modeled  both  with  the  hybrid  MoM/SBR  method  discussed  in  this  paper  and  with  the  hybrid 
FEM/SBR  method  presented  in  [3].  The  two  solutions  show  good  agreement. 

4  Numerical  Examples 

To  show  the  validity  and  utility  of  the  proposed  technique,  several  numerical  results  are  presented.  For 
all  of  the  numerical  examples,  the  slot  array  contains  16  waveguides  with  16  slots  on  each  waveguide, 
and  the  array  is  designed  to  radiate  at  9.1  GHz.  In  addition,  the  following  parameters  apply  to  all 
of  the  examples  presented:  the  upper  waveguide  wall  in  which  the  slots  are  cut  is  0.08  cm  thick,  the 
waveguides  are  separated  by  walls  0.1cm  thick,  each  slot  is  1.6  cm  long  and  0.16  cm  wide,  and  the  slots 
are  positioned  on  the  waveguide  surface  as  shown  in  Figure  2,  where  the  offset  of  each  slot  from  the 
center  of  the  waveguide  is  0.15  cm.  Unless  otherwise  noted,  the  coupling  between  individual  slots  in  the 
array  is  included  in  the  results. 

The  first  example  is  a  planar  slot  array  which  is  in  a  simple  ground  plane  geometry.  The  waveguides 
are  2.230  cm  wide  by  1.016  cm  high,  the  slot  centers  are  2.444  cm  apart,  and  the  first  and  last  slots 
centers  are  1.222  cm  from  the  ends  of  the  waveguides.  Thus,  the  entire  slot  array  and  the  ground  plate 
are  37.3  cm  wide  by  39.1  cm  long.  In  Figure  3,  the  radar  cross-section  (RCS)  of  the  plate  wdth  the  slots 
is  superimposed  on  the  scattering  from  the  plate  alone.  The  scattering  frequency  is  9.1  GHz,  which  is  the 
w'orking  frequency  of  the  slot  array.  Figure  3  shows  results  in  both  the  //-plane  and  the  E'-plane  and  for 
waveguides  which  are  terminated  both  with  matched  loads  and  with  short  circuits.  For  some  incidence 
angles,  the  slot  array  has  a  dominant  effect  on  the  scattering. 
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Figure  3;  RCS  of  a  planar  slot  array  on  a  ground  plate  at  9.1  GHz,  the  working  frequency  of  the  slot 


The  second  example  is  a  slot  array  on  a  cylinder  with  a  nose  cone.  The  radius  of  the  cylinder  is 
16  096  cm  and  the  length  without  the  nose  cone  is  100  cm.  The  nose  cone  is  30  cm  long.  The  wavegui  e 
cross-sections  are  sectoral  in  shape  and  are  1.016  cm  thick.  Along  the  slotted  surface,  the  waveguides 
are  2.230  cm  wide.  The  slots  are  2.573  cm  apart,  and  the  first  and  last  slots  are  1.28  r  cm  from  the  ends 
of  the  waveguides.  The  entire  slot  array  is  37.3  cm  along  the  circumference  of  the  cylinder  and  41.2 
cm  along  the  axis  of  the  cylinder.  In  Figure  4,  the  i7-plane  RCS  of  the  cylinder  alone  and  the  RCS  of 
the  cylinder  with  the  slot  array  are  compared.  Again,  the  scattering  frequency  is  9.1  GHz,  the  working 
frequency  of  the  slot  array,  and  again,  there  are  scattering  directions  for  which  the  slot  array  dominates 

the  return.  .  .  ,  .  , 

The  next  example  is  intended  to  show  the  effect  of  the  uncoupled  slot  approximation  which  was 
discussed  in  Section  2.3.  Figure  5  shows  the  RCS  of  the  same  geometry  considered  in  the  second  example 
but  as  a  function  of  frequency.  The  incident  direction  is  40°  in  the  H-plane.  The  RCS  computed 
considering  the  coupling  between  individual  slots  is  plotted  with  the  RCS  computed  by  neglecting  t  e 
slot  coupling.  The  approximation  neglecting  slot  coupling  is  reasonably  accurate  away  from  the  working 
frequency  of  the  slot  array  antenna,  but  there  is  significant  error  near  the  working  frequency.  Thus,  this 
approximation  must  be  applied  with  care. 
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Figure  4:  RCS  of  a  conformal  slot  array  on  a  cylinder  with  a  nose  cone  at  9.1  GHz,  the  working  frequency 
of  the  slot  array. 
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Figure  5:  RCS  of  a  conformal  slot  array  on  a  cylinder  with  a  nose  cone.  The  scattering  is  computed 
with  and  without  including  the  coupling  between  individual  slots.  Near  the  working  frequency  of  the 
slot  array  (9.1  GHz),  the  slot  coupling  must  be  included. 

The  final  example  shows  the  usefulness  of  the  method.  The  slot  array  antenna  from  the  first  example 
is  mounted  on  the  belly  of  an  f309  aircraft,  with  the  lengths  of  the  slots  perpendicular  the  the  length  of 
the  aircraft  body  (see  Figure  6a).  Figure  6b  shows  the  W-polarized  range  profile  of  the  airplane  both 
with  and  without  the  slot  array.  The  range  profile  is  the  time  domain  response  to  an  incident  sine  pulse. 
The  sine  pulse  in  this  example  has  a  center  frequency  of  10  GHz  and  a  bandwidth  of  2  GHz,  and  the  slot 
array  has  matched  waveguide  loads.  The  slot  scattering  dominates  the  range  profile. 

5  Conclusion 

A  hybrid  MoM/SBR  method  is  developed  to  compute  the  scattering  from  a  complex,  3-D  target  with  a 
slotted  waveguide  array  antenna.  Because  the  target  is  large  and  3-D,  the  MoM  alone  cannot  efficiently 
compute  the  scattering,  and  because  the  slots  on  the  waveguides  are  small  features,  the  SBR  method 
alone  is  not  accurate.  The  hybrid  method  combines  the  two  individual  methods  in  such  a  manner  that 
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(c)  Range  profile  with  slot  array. 


Figure  6:  Range  profile  of  an  f309,  W-polarization,  10  GHz  center  frequency,  2  GHz  bandwidth.  The 
slot  array  has  matched  waveguide  loads. 
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the  scattering  can  be  efficiently  and  accurately  computed.  In  the  hybrid  method,  the  MoM  is  used  to 
model  the  details  of  the  slot  array,  and  the  SBR  method  is  used  to  model  the  electromagnetic  interactions 
with  the  large,  complex  target.  The  method  is  \’alidated  by  comparison  to  previously  published  methods. 
Numerical  examples  show  the  need  to  include  a  slot  array  model  when  computing  the  scattering  from  a 
complex  target  with  a  slotted  waveguide  array.  The  examples  also  illustrate  the  capability  of  the  method. 
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Abstract 

Recent  advances  in  applying  the  Galerkin  form  of  the  method  of  moments  (MM)  theory  to  arbitrary  3-D  objects  have  resulted 
in  the  accurate  prediction  of  radar  cross  section  (RCS)  from  fighter-sized  aircraft  up  to  several  hundred  MHz.  To  increase  the 
frequency  coverage  of  the  technique,  hybrid  formulations  combining  high  frequency  physical  optics  (PO)  currents  with  the  nu¬ 
merical  algorithms  have  been  implemented.  This  formulation  is  based  on  derivatives  of  the  CARLOS-3D  and  CADDSCAT 
codes  developed  at  McDonnell  Douglas  Aerospace  (MDA).  Various  partitioning  and  decomposition  strategies  suggest  that  in 
order  to  maximize  computational  efficiency  achievable  with  this  hybrid  formulation,  physical  optics  is  used  on  portions  of  the 
body  with  large  radius-of-curvature,  while  MM  is  used  to  calculate  the  currents  on  more  complex  portions  of  the  geometry. 

Some  components  may  be  subject  to  near-field  illumination  from  other  portions  of  the  body.  These  areas  may  be  analyzed  with 
a  near-field  version  of  CADDSCAT  and  the  resulting  currents  used  as  input  to  CARLOS-3D  to  calculate  RCS.  This  scheme 
is  also  applicable  to  the  calculation  of  near-field  scattering  for  far-  or  near-field  incidence  on  the  aircraft  as  might  be  useful  for 
missile  fuzing  problems. 

Demonstration  of  this  hybrid  technique  is  dependent  on  accurate  calculation  of  CADDSCAT  currents  in  the  near-field.  En¬ 
hancements  to  CADDSCAT  allowing  near-field  prediction  of  monostatic  or  bistatic  physical  optics,  edge  diffraction,  and  multi¬ 
ple  bounce  effects  are  described  and  results  compared  to  test  data.  Analytic  issues  are  outlined  for  future  investigations  using 
these  near-field  results  as  input  to  the  CARLOS-3D  algorithms. 

1.  Introduction 

The  synergism  of  high  and  low  frequency  codes  naturally  led  MDA  to  the  development  of  hybrid  approaches.  In  this  paper, 
hybrid  refers  to  the  merger  of  method  of  moments  (MM)  and  physical  optics  (PO)  techniques.  A  hierarchy  of  hybridization 
effects  have  been  identified.  In  the  simplest  scheme,  the  decomposition  strategy  that  maximizes  computational  efficiency  uses 
physical  optics  on  the  laige  radius-of-curvature  portions  of  the  body  while  MM  is  used  to  calculate  the  currents  of  other  portions. 
This  is  suitable  to  a  low  level  of  interactions.  No  secondary  illumination  or  multibounce  is  taken  into  account  (section  H).  A 
second  level  hybridization  is  identified  which  takes  into  account  interactions.  Near  field  illumination  of  parts  of  the  body  be¬ 
comes  an  important  contributor  (section  III). 

2.  First  Order  Hybridization 

An  example  of  first  order  hybridization  is  the  specialized  gap/crack  analysis  of  CADDSCAT.  Detailed  local  analysis  with  MM 
is  incorporated  from  the  CARLOS  code.  This  first  level  hybrid  feature  has  been  used  to  model  surface  details  due  to  cracks 
and  gaps  arising  from  equipment  access  panels.  Discontinuities  from  repair  of  damaged  areas  of  the  control  surfaces  on  the 
F/A  1 8  and  other  aircraft  can  also  be  analyzed  in  this  fashion^  A  workstation  version  of  this  basic  type  of  hybridization  combin¬ 
ing  the  CADDSCAT  and  CARLOS  codes  has  been  tested  and  prototyped.  Figure  1  shows  application  of  this  approach  for  a 
narrow  gap  embedded  in  an  almond-shaped  fixture.  The  high  frequency  contributions  computed  by  CADDSCAT  are  combined 
with  MM  based  CARLOS  calculations.  The  CARLOS  based  approach  is  used  for  highly  irregular  gaps  associated  with  aircraft 
access  panels.  An  aircraft  such  as  the  F-15  or  F/A  18  has  well  over  a  hundred  of  these. 
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Figure  1.  CADDSCAT/CARLOS  RCS  Predictions  and  Measurements  for  an  Almond  With  Rectangular 
Trough  at  12  GHz  (.20  Wavelength  Wide,  .85  Wavelength  Deep)  -  Type  I  Hybrid 


3.  Second  Order  Hybridization 

This  formulation  is  appropriate  when  the  interactions  between  the  asymptotic  and  non-asymptotic  regions  such  as  nearby  aper¬ 
tures  or  radiating  structures  are  strongly  coupled.  Fields  computed  from  the  asymptotic  region  modify  the  effective  source  for 
the  MM  region  (i.e.,  right  hand  side  of  the  MM  system  of  equations).  A  case  where  this  3D  hybrid  MM/PO  solution  technique 
is  demonstrated  is  shown  in  Figure  2.  A  multi-level  unknown  ordering  scheme  is  used  to  specify  the  MM  and  PO  regions  of 
a  surface.  The  MM  currents  are  computed  using  roof  top  expansion  representation  of  the  currents.  Figure  2  shows  the  vertical 
polarization  results  for  a  curved  kite  shaped  fixture  which  is  approximately  5  wavelengths  long.  In  the  hybrid  MM/PO  solution, 
the  PO  currents  span  the  curved  top  with  the  MM  currents  spanning  the  top  edges  and  the  flat  bottom.  The  hybrid  method  uses 
two-thirds  as  many  unknowns  as  the  full  MM  solution  but  is  still  capable  of  predicting  the  traveling  wave  return  which  a  PO 
based  formulation  alone  cannot. 
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Figure  3  considers  a  case  where  the  gap  of  Figure  1  is  in  an  area  of  secondary  illumination  on  the  F-1 5.  In  this  case  a  representa¬ 
tion  for  the  currents  taking  secondary  illumination  into  account  is  needed.  These  can  be  obtained  from  a  near  field  calculation. 
This  more  accurately  reflects  the  actual  currents.  If  the  near  field  illuminated  surfaces  still  have  a  large  radii  of  curvature, 
CADDSCAT  can  continue  to  be  used  to  calculate  the  RCS.  If  there  are  complex  surface  gaps  or  cracks,  then  the  secondarily 
illuminated  incidence  currents  calculated  on  this  portion  of  the  body  can  be  used  as  input  to  the  CARLOS  impedance  matrix. 
In  this  sense,  the  accurate  calculation  of  the  CADDSCAT  currents  in  the  near  field  are  needed  as  input  to  the  CARLOS  code 
as  discussed  next. 


Near-Field  Illumination 
(Spherical  Wave  Used  to 
Accurately  Model  Excitation) 


-  GP«or7003,cvs 

Figure  3.  Schematic  of  Secondary  Near-Field  Illumination 


4.  Near  Field  Capability  of  CADDSCAT  and  Validations 

In  the  near  zone  calculations  with  CADDSCAT,  the  spherical  nature  of  the  incident  and  scanered  waves  are  taken  into  account. 
The  implementation  includes  PO,  Ufimtsev’s  physical  theory  of  diffraction  (PTD)  for  edges,  muliibounce  effects,  and  provides 
both  bistatic  and  monostatic  RCS.  RAM  coatings  are  an  option.  Results  of  near  field  calculations  in  CADDSCAT  follow. 
Figure  4  illustrates  a  bistatic  case  of  a  fixed  illuminator  in  the  far  field  and  a  moving  receiver  in  the  near  field.  Both  PO  and 
edge  diffraction  are  necessary  here  in  the  CADDSCAT  calculations  to  achieve  excellent  agreement  with  the  CARLOS  (MM) 
code. 


GP64D770O1  CVS 


Figure  4.  Bistatic  RCS  of  Sk  Square  Plate  in  the  Near-Field:  Elevation  Sweep 

Figure  5  summarizes  the  approach  for  CADDSCAT  with  a  near  field  source  and  receiver  for  a  generic  multiple  bounce  geome¬ 
try.  There  are  three  steps  to  the  calculation  of  radar  cross  section  from  such  a  geometry.  The  first  is  the  ray  initiation.  In  far 
field  plane  wave  incidence  case,  rays  are  uniformly  spaced  and  sent  out  in  a  dense  pack,  all  parallel  to  each  other.  In  the  near 
field  case,  the  waves  are  modeled  with  spherical  spreading,  similar  to  the  Generalized  Ray  Expansion  pioneered  by  OSU  for 
cavity  analysis  (Ref  1).  In  the  next  step,  for  the  interim  bounces  the  rays  are  tracked  according  to  conventional  Fresnel  reflection 
for  both  metal  and  treated  surfaces.  Divergence  effects  of  curved  surfaces  are  accurately  analyzed.  Finally,  for  near  field  scatter¬ 
ing,  the  Kirchhoff  integral  is  evaluated  with  the  generalized  Green’s  function  instead  of  the  asymptotic  form. 

We  have  validated  this  three  step  process  using  test  data  (Ref  2).  As  can  be  seen  for  the  dihedral  geometry  in  Figure  6,  there 
is  very  good  correlation  with  test  data.  We  have  also  run  the  CARLOS  code  for  the  same  geometry.  Note  that  the  results  for 
CARLOS  and  CADDSCAT  are  in  excellent  agreement.  The  slight  discrepancy  with  test  data  is  due  to  experimental  uncertain¬ 
ties  such  as  the  exact  dihedral  angle.  (This  geometry  is  particularly  sensitive  to  the  dihedral  angle.) 
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Figure  6.  Near-Field  Analysis;  Comparison  of  Test  Data  With  CADDSCAT 
and  CARLOS  Results 

We  also  tested  far  field  data  for  asymptotic  convergence  of  the  near  field  integral.  According  to  the  2d^  fk  criteria,  a  range  of 
less  than  158  ft  is  in  the  near  field.  Results  (not  shown)  comparing  the  CADDSCAT  far  field  calculation  with  the  near  field 
calculations  at  a  range  of  500  ft  essentially  overlay  for  both  polarizations.  Test  data  is  also  in  excellent  agreement  with  this 
solution. 


A  comparison  of  far-io-near  field  has  also  been  made  in  Figure  7.  The  consequences  of  wavefront  curvature  are  that  the  near 
field  magnitude  of  the  central  lobe  is  depressed  and  specular  peaks  are  broadened  and  depressed.  Note  that  for  agreement  with 
this  test  data  geometry,  CADDSCAT’s  near  field  prediction  of  PO,  edge  diffraction  and  multiple  bounce  effects  are  all  impor¬ 
tant.  Clearly,  the  inclusion  of  near  field  incidence  in  secondarily  illuminated  parts  of  the  body  is  a  consideration  in  hybridization 
schemes. 
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Figure  7.  Validation  of  CADDSCAT  Near-Field  Multiple  Bounce  Capability 


5.  Synthesis  of  CADDSCAT  Near  Field  Results  for  CARLOS  Scattering  Calculations 

The  hybrid  formulation  here  is  current  based  and  builds  upon  a  previous  investigation  (Ref.  3).  In  this  earlier  work,  the  optic-de¬ 
rived  current  used  for  hybridization  was  standard  physical  optics.  The  algorithm  was  developed  with  sufficient  generality  that 
the  earlier  formalism  applies  here  as  well.  Here  we  synopsize  the  key  operations  of  this  formulation. 

Using  the  notation  of  Ref.  3,  the  general  governing  equation  known  as  the  electric  field  integral  equation  (EFTE)  for  perfectly 
electrically  conducting  surfaces  (PEC)  is: 


E\=-E‘\=-U 


(1) 


where 


LJ  =  jkT]\\J-^\w*j\^ds'  and  0  =  — 

e  )  AttR 

with  R  being  the  distance  from  the  source  to  the  field  point,  V  the  surface  gradient  on  the  body  with  respect  to  the  unprimed 
variables,/:  =  ^  and 

We  have  chosen  the  PEC  case  for  clarity  of  discussion.  The  method  easily  extends  to  surfaces  which  are  coated.  For  normal 

scattering  problems,  the  incident  field  £*is  a  known  quantity  with  induced  current  J  being  the  unknown.  If  we  consider  parti¬ 
tioning  the  domain  into  two  regions  we  obtain  formally: 

L  J  MM  =  (2) 
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In  Ref.  3,  the  MM  representation  was  used  on  all  parts  of  the  surfaces  of  a  body  for  which  no  optic-denved  asymptotic  forms 
are  available,  such  as  most  edges  and  surface  details.  The  asymptotic  region  covers  the  remainder  of  the  body.  We  now  consider 
the  7po  of  equation  (2)  to  include  portions  of  secondary  illumination.  This  equation  gets  transformed  into: 

(3) 

with  expanded  into  basis  functions  of  coefficients  and  expanded  with  basis  functions  of  coefficients/^-  i-""' "" 

is  the  Galerkin  matrix  operator  which  results  from  testing  unknown  currents,  defined  as 

)  (4) 

where  and  fj  are  expansion  functions  on  the  MM  part  of  the  surface.  Respectively,  is  defined  with 


LT-^=[fr,L{fr))-  (5) 

In  equation  (3),  the  right  hand  side  denotes  the  Galerkin  transformed  effective  illuminating  field,  i.e.,  consisting  of  the  incident 
electric  field  plane  wave  and  near  field  contributions  of  the  PO  region,  /^^could  be  either  the  far  field  currents  or  currents  calcu¬ 
lated  from  near  field  incidence  (sources)  as  in  Figure  3. 

CADDSCAT’s  near  field  calculations  are  necessary  for  consideration  of  accurate  analysis  of  currents  to  be  used  as  hybrid  inpuK 
to  CARLOS-3D  The  CADDSCAT  near  field  results  are  also  applicable  to  near  field  fuzing  problems  as  shown  in  Figure  8. 
For  an  engagement  such  as  shown,  calculation  of  currents  in  the  near  field  is  necessary  for  modeling  warhead  detonation. 


6.  Summary 

Two  levels  of  hybridization  have  been  discussed.  In  the  second,  accurate  consideration  of  effects  of  secondary  illumination 
are  critical  for  successful  hybridization.  These  effects  require  near  field  incidence  and  scattering  calculations  which  are  avail¬ 
able  with  the  MDA  CADDSCAT  code. 
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1.  Introduction 


Much  work  has  been  done  in  the  last  15  years  in  hybrid  formulations  and  their  efficacy  has  been  demonstrated  in 
a  number  of  applications.  In  this  paper  we  will  present  an  approach  which  combines  surface  integral  equation  (SIE) 
formulations  and  partial  differential  equation  (PDE)  formulations  together.  The  SIE  approach  encompasses  a  novel 
generalization  of  the  usual  method  of  moments  (MM)  with  arbitrary  boundary  conditions.  The  PDE  formulation  spans 
the  internal,  penetrable  regions  of  a  scatterer.  These  regions  may  be  anisotropic  in  both  permittivity  and  permeability. 
The  particular  PDE  approach  chosen  here  is  a  finite  volume  frequency  domain  (FVFD)  method,  and  is  based  upon  a 
computational  fluid  dynamics  (CFD)  code  implementation  of  Maxwell's  equations.  This  is  demonstrably  more  robust 
than  conventional  finite  difference  methods.  The  SIE  formulation  spans  the  external  surfaces  of  the  target  effectively 
providing  truncation  of  the  PDE  computational  domain. 

The  SIE  formulation  is  discretized  and  solved  with  the  MM  implementation  from  the  CARLOS  code.  The  PDE 
formulation  used  for  the  interior  penetrable  regions  of  a  scatterer,  is  solved  as  a  FVFD  problem  using  a  direct  solver 
implementation  of  the  CFDMAXES  code.  Both  codes  are  MDA  proprietary  RCS  codes  for  solving  2D  and  3D  problems. 
They  are  generalizations  of  the  earlier  developed  EMCC  codes  CARLOS-3D  [1]  and  CFDMAXES  (pseudo-time 
formulation)  [2],  In  this  hybrid  formulation,  the  exterior  MM  and  interior  PDE  computational  domains  are  rigorously 
coupled.  Numerical  solution  of  the  hybrid  problem  can  be  carried  out  in  a  number  of  ways.  Depending  on  the  extent  of 
the  penetrable  region,  a  solution  may  be  obtained  by  a  serial  cascaded  decomposition  of  the  interior  and  exterior  solution 
domains  or  direct  computation  of  both.  For  maximum  versatility  we  have  implemented  both. 

Results  are  presented  validating  this  method  in  both  two  and  three  dimensions.  Various  isotropic  and 
anisotropic  test  cases  are  shown  for  a  variety  of  different  geometries.  The  ability  to  efficiently  model  inhomogeneous 
media  is  also  demonstrated.  The  results  presented  are  compared  to  other  methods. 

2.  MM  Formulation  for  a  Partially  Coated  Body 


In  this  section  the  method  of  moments  solution  based  on  a  surface  integral  equation  formulation  for  a  partially 
coated  body  is  outlined  to  define  the  notation  that  will  be  used  subsequently  for  the  hybrid  formulation.  The  notation  here 
follows  that  of  [1  and  3]  and  applies  to  both  2D  and  3D  geometries.  Refering  to  Figure  1,  the  Stratton-Chu  equations  for 
the  total  electric  and  magnetic  fields  in  region  I  are  given  by 

e,(r)£,(r)=F-(r)-L,J^(r)  +  A:,A/"{r)  e,(r)W,(r)  =  W'"‘(f)- (r)-^LM^(r) 

where  7+ and  are  the  equivalent  currents  on  the  surfaces  bounding  region  1 .  For  region  2  the  total  fields  are  given  by 
e,{r)E,(r)  =  -U-(r)+  KM-ir)  6,(r)//,(f)  = -Xj-(r)-~L,Af-(f)  ^2) 

Similarly,  J’and  M‘  are  the  currents  on  the  surfaces  bounding  region  2.  The  integro-differential  operators  are  defined  as 


-  E)cis' 

KMr)=  [ 

il  <0£,  / 

'  J 

d/f, 

Specializing  these  equations  for  the  geometry  and  currents  in  Figure  1,  and  applying  the  tangential  field  boundary  condi¬ 
tions  on  the  conducting  surfaces  and  the  dielectric  boundary,  we  obtain  four  field  equations  (two  EFIE  and  two  PMCHW) 


^'Ls,  +L,)j,-Lj,  -(/f, 
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(6) 


H'  L !,  =  +  (^i^,  +  *^2  A 


bo  ^ 


(7) 


Applying  the  MM  technique  to  these  four  equations  transforms  the  integral  operators  LsndK  into  matrix  operators  £  and 
X,  and  results  in  the  matrix  equation 

■4U2)  0  -4(«2)  x„{r,) 

0  4(i!,)  4(fi,)  -4(«,) 

”^32(^)  4(^1  )'*'4 (^2 )  “4(^i)“4(4) 

-!„(/!,)  r„(«,)  XjK,)rX,,{R,J  ±4(R,)  +  4-/33(JJ^) 

"Hz 

The  subscripts  specify  the  test  and  source  surface  numbers,  and  Rj  defines  the  region  where  the  Green’s  function  is 
defined.  Explicit  expressions  for  £  and  X'  can  be  given  once  a  geometry  type  is  specified  (i.e.,  2D  or  3D),  and  the  basis 
and  testing  functions  are  defined.  In  the  present  implementation,  we  use  Galerkin  testing  with  overlapping  triangle  basis 
functions  for  2D  geometries,  and  basis  Unctions  defined  on  a  quadrilateral  mesh  for  3D  geometries.  A  quadrilateral 
mesh  is  used  for  3D  in  order  to  simplify  the  subsequent  coupling  of  the  exterior  MM  formulation  and  the  interior  PDE 
formulation  which  uses  a  structured  interior  mesh. 


r  y, ' 

‘0* 

Cl 

A 

S3 

^3 

Figure  1.  Geometry  for  a  Partially  Coated  Scatterer. 
(Region  m  is  PEC) 


Figure  2.  Linear  Quad  Expansion  Function  Definitions 
and  Coordinates. 

For  a  quadrilateral  mesh,  we  define  basis  functions  in  a  manner  analogous  to  the  Rao-Wilton-Glisson  basis  functions  on  a 
triangular  mesh.  Refering  to  Figure  2,  the  basis  function  for  the  n-th  edge  is  defined  as 
l.u 


l.u 


=a,  r  e  Q* 


0, 


u,  r  e  Q~  where 
otherwise 


The  divergence  of  the  basis  function  is  given  by 

3.  Interior  CFD  Based  Formulation 


f(w, v)  =  r^+  u{r^  -  Fi )  +  v(r^  -  Fj )  +  wv(f,  -  F,  +  Fj  -  fj 
“  =  |^  =  (^2-fi)  +  v(F,  -F,  +F3-rJ 
■Jg(u,v)  =I|u  X  v[|  and  JJ ds  =  JJ  -Jg{u,v)  dudv 
1 


(8) 


1 

yfg{u,v) 

0, 


u, 


U,  F  e  Q; 
otherwise 


(9) 


In  this  section  we  describe  the  adaptation  of  the  CFDMAXES  code  to  a  matrix  based  fully  implicit  formulation. 
This  work  builds  in  part  on  an  earlier  non-matrix  based  explicit  pseudo-time  implementation  of  CFDMAXES  We  chose 
to  implement  a  finite  volume  frequency  domain  (FVFD)  method  for  penetrable  interiors  of  a  scatterer.  Our  approach  is 
based  on  extensive  fundamental  developments  arising  from  computational  fluid  dynamics  (CFD)  research.  The  power  of 
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this  multi-disciplinary  approach  is  that  the  highly  refined  algorithms  and  tools  of  CFD  under  this  approach  can  be 
transferred  directly  to  the  CEM  arena.  A  PDE  formulation  for  penetrable  regions,  solved  with  CFD  based  methods,  is 
often  superior  to  integral  equation  volume  formulations  solved  by  the  MM  technique.  Our  approach  is  generalized  to 
handle  anisotropic  materials  in  the  penetrable  region.  The  formulation  is  in  the  frequency  domain  so  that  it  can  be 
coupled  to  the  SIE  formulation  solved  with  the  generalized  MM  approach. 

The  analysis  begins  with  Maxwell's  curl  equations,  written  in  symmetric  form  in  terms  of  the  electric  and 
magnetic  currents,  J  and  ,  respectively 

~ — VxH  =  -J  ^+YxE  =  -M  (10) 

where  D  is  the  electric  field  displacement,  B  is  the  magnetic  field  induction,  and  E  and  H  are  the  electric  and 
magnetic  field  intensities,  respectively.  The  electric  field  displacement  and  magnetic  field  induction  are  related  to  the 
electric  and  magnetic  field  intensities  through  the  permittivity,  £,  and  the  permeability',  p,  as  follows,  D  =  and 
B  =  ILH  .  Using  the  theory  of  equivalent  currents,  the  electric  and  magnetic  current  densities  can  be  related  to  the  electric 
and  magnetic  field  intensities  as  J  =  hxH,  and  M  =  —hxE.  Since,  the  governing  equations  are  linear,  the 
assumption  that  the  incident  field  is  time  harmonic  with  a  frequency  (o,  results  in  the  total  field  also  being  harmonic  with 
frequency  co.  Thus,  the  Maxwell  curl  equations  are  recast  as  a  set  of  coupled  steady  state  complex  equations, 

ymeE-  WxH  =  -J  and  ycojx^  +  V  x  E  =  ~M .  Next  these  equations  are  recast  in  conservation  law  form.  Then  they 

are  transformed  to  curvilinear  coordinates  (^,T|,^)  and  combined  into  a  single  system  of  six  equations  with  six  unknowns 
as 


where  J  is  the  Jacobian  of  the  transformation.  This  system  is  solved  using  the  CFD  based  methods  as  outlined  below. 

To  solve  equation  (11)  the  computational  domain  is  discretized  by  dividing  it  into  hexahedral  cells.  The 
discretization  procedure  for  this  equation  follows  the  method  of  lines  in  decoupling  the  approximation  of  the  spatial  (the 
curl  terms)  and  temporal  terms  (the  jay  terms).  Physically,  the  curl  terms  can  be  viewed  as  the  flux  of  the  electric  and 
magnetic  fields.  A  system  of  ordinary  differential  equations  is  obtained  by  applying  this  equation  to  each  of  the 
hexahedral  cells  separately.  Let  the  values  of  the  unknown  quantities  associated  with  each  cell  be  denoted  by  i,  j,  k. 
These  can  be  regarded  as  values  at  each  cell  center  or  the  average  value  for  each  cell.  Thus  explicitly  for  each  cell, 
equation  (2)  takes  the  form 


~T\XH 

fjxE 


-fix^^  J-Ixh]  J-Ix'h] 


(12) 


The  i,  j,  k  subscripted  terms  are  evaluated  at  the  center  of  each  cell.  The  i±l/2,  7±l/2,  or  k±\/2 
subscripted  terms  are  evaluated  at  the  center  of  each  cell  face.  Field  values  for  the  cell  faces  are  created  by  averaging  the 
two  adjoining  cell  centered  values.  The  Jacobian  of  the  Cartesian  to  curvilinear  coordinate  transformation,  J-  is 
equivalent  to  the  hexahedral  cell  volume.  The  q,  ^  terms  in  equation  (12)  are  the  normal  vectors  to  the  six  faces  of  a 
cell.  The  magnitude  of  these  normal  vectors  are  equal  to  the  cell’s  facial  area.  The  direction  of  the  unit  normal  is  in  the 
direction  of  the  positive  curvilinear  axis. 


For  the  subsequent  development  it  is  advantageous  to  write  equation  (12)  as  [  jayj. +  3, .  (  )]4 ^  =  J,  jj,  or 

for  compact  notational  purposes  in  matrix  form  as  [A]^  =  h,  where  the  bracked  terms  are  the  A  matrix  that  comprises 
the  temporal  or  jay  terms  and  the  curl  or  flux  terms.  3  ()  is  the  flux  terms  operator,  2  is  a  column  vector  that  represents 

the  unknown,  E  and  H  fields,  and  h  is  a  column  vector  that  represents  the  right  hand  side  currents  from  the  exterior 
domain.  The  ordering  of  unknowns  within  A  and  2  have  the  following  sequence: 
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where  is  the  number  of  cells  in  the  /-direction,  rij  is  the  number  of  cells  in  the  ^'-direction,  is  the  number  of  cells  in 
the  /:-direction,  and  is  the  number  of  zones.  The  A  matrix  is  of  order  6m,  where  m=n^xnjxnjp<n^. 

To  model  the  electromagnetic  fields  interior  to  a  penetrable  region,  a  series  of  boundary  conditions  must  be 
considered  to  produce  a  bounded  domain.  The  boundary  conditions  implemented  in  this  formulation  of  CFDMAXES  are 
perfectly  conducting  surfaces,  zonal,  dielectric  interface,  geometric  symmetry  and  interface  to  method  of  moments.  These 
boundary  conditions  are  handled  as  boundary  groups.  Each  boundary  group  is  a  particular  boundary  condition  type. 


For  a  perfectly  conducting  surface  we  use  the  boundary  conditions,  h  x  =0  and  n  x  =nX  , 

where  E  and  H  are  the  total  field  values,  and  n  is  the  unit  norma!  vector  to  the  conducting  surface.  These  equations 
imply  that  the  tangential  electric  field  at  the  wall  is  zero  and  that  the  tangential  magnetic  field  at  the  wall  is  equivalent  to 
that  of  the  neighboring  cell. 

The  generation  of  structured  curvilinear  or  body  fitted  grids  about  geometrically  complex  structures  is  facilitated 
by  a  zonal  gridding  strategy.  Dividing  the  computational  domain  into  a  multi-zone  framework  allows  for  the  independent 
treatment  of  geometrically  complex  intemal/extemal  structures.  Radar  absorbing  structures  (RAS)  and  radar  absorbing 
material  (RAM)  with  many  material  layers  require  a  zonal  gridding  strategy  to  handle  the  varying  grid  density 
requirernents  that  the  layers  material  properties  dictate.  In  this  work  zone-to-zone  communication  is  provided  through  a 
bookeeping  system  of  overlapping  ghost  cells.  The  /,  j,  k  indices  for  each  zone  varies  as  follows: 

'  =  . J  =  t  =  0,l,2,3 . (14) 

where  the  0  and  max  indices  represent  the  fictitious  or  ghost  cell  layer  that  surrounds  the  real  cells  in  the  interior  of  the 
zone.  Each  ghost  cell  overlaps  an  interior  cell  and  acts  as  a  place  holder  during  the  initial  phase  of  the  matrix  fill.  In  the 
second  phase  of  the  matrix  fill  the  flux  terms  associated  with  the  fictious  ghost  cells  are  matched  with  their  corresponding 
real  cell.  This  boundary  condition  allows  ghost  cells  in  the  i,j  and  k  directions  to  overlap  any  i,j,  or  k  direction  interior 
cells.  Our  method  allows  exact  1-to-l,  2-to-l,  or  4-to-l  point  matching  along  the  zonal  boundary. 

In  general,  a  scatterer  may  consist  of  layered  material  media  with  variations  in  material  properties  (£  and  p.)  from 
layer  to  layer.  The  incident  and  scattered  fields  must  satisfy  the  appropriate  boundary  conditions  on  the  surface  of  the 
scatterer  that  for  a  layered  media  scanerer  includes  all  material  interfaces.  Since  in  this  algorithm  material  propenies 
within  a  cells  are  uniform,  all  material  interfaces  ^e  at  cell  boundaries.  A  difference  in  the  material  properties  from  cell 
to  cell  causes  a  discontinuity.  We  use  a  1-D  characteristic  based  boundary  condition  to  model  these  dielectric 
discontinuities.  As  discussed  previously,  equation  (12)  can  be  solved  numerically  and  E  and  H  can  be  found  once  the 
fluxes  through  the  cell  walls  are  computed.  The  cell  wall  fluxes  are  obtained  by  computing  the  tangential  fields  on  the 
walls  of  the  cells.  This  is  done  by  applying  characteristic  theory.  Consider  the  local  unit  normal,  n ,  to  the  dielectric 
discontinuity.  The  boundary  condition  then  becomes 

=  _[g^(£4r+/ix.tf-]-f[£-(£p)--nx^-]  ,  [^-(eii)' +«x£-]  +  [^"(epr -nx£^] 

(£p)-+(£pr  (£pr +{£pr 


where  H\H-,E\E- 


are  the  cell  centered  electromagneUc  field  values  of  the  cells  on  the  "+"  and  side  of  the 


dielectric  boundary,  (ep)  ,(ep)  are  the  associated  material  properties  of  the  cells  on  either  side  of  the  dielectric 
boundary  condition,  and  Hq,Ej^  are  the  values  of  the  fields  at  the  dielectric  boundary's  cell  face. 

Our  approach  for  modeling  anisotropic  media  generalizes  the  method  for  modeling  isotropic  material  [4], 
Equation  (11)  can  be  recast  into  an  equivalent  form  exhibiting  an  explicit  dependence  of  the  fluxes  on  the  solution  vector, 

by  writing  £  =  £  'D  and  W  =  p”‘£,  where  £  and  p  are  the  tensor  forms  of  the  permittivity  and  permeability,  then  the 
derivative  terms  in  equation  (1 1)  take  the  form,  as  shown  for  the  ^-direction  derivaUve 


0 

L-lxr 


|X£*^ 

0 


(16) 
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where  the  positional  dependence  of  £  and  |i  are  accounted  for  in  the  6x6  Jacobian  matrix  A.  As  with  the  isotropic  case 
we  solve  the  one-dimensional  Riemann  problem  separately  for  each  coordinate  direction.  The  method  of  characteristics 
relies  on  finding  the  eigenvalues  and  eigenvectors  of  the  Jacobian  matrix  A.  The  solution  vectors  as  well  as  the  interface 
fluxes  are  subsequently  expanded  in  the  six  dimensional  space  spanned  by  the  eigenvectors  of  A. 

The  MM  interface  boundary  condition  is  defined  in  terms  of  equivalent  currents  which  supply  the  electric  and 
magnetic  field  components  for  the  CFD  cell  faces  that  compose  the  interface  boundary.  Thus  the  boundary  condition 

becomes,  Eg=Efj  and  Hg  =H^,  where  Hg,Eg  are  the  electromagnetic  field  values  at  the  MM/CFD  boundary  and 

Hf,,Ef,,  are  the  values  at  the  neighboring  interior  cell.  In  the  framework  of  CFDMAXES,  the  field  values  supplied  by  the 
MM  techniques  is  treated  as  a  flux  along  the  faces  of  the  boundary  cells. 

4.  Hybrid  MM/CFD  Formulation 

In  this  section  we  summarize  the  hybrid  coupling  of  the  SIE  formulation  for  the  exterior  of  the  scatterer  with  a 
PDE  time  harmonic  formulation  for  the  interior  penetrable  regions  of  the  scatterer.  The  computer  implementation  of  this 
approach  involves  the  coupling  of  the  MM  and  PDE  developments,  discussed  in  Sections  2  and  3. 

Fundamental  to  a  hybrid  formulation  is  the  decomposition  of  the  problem  into  regions  where  different  analysis 
techniques  are  used.  In  this  case  the  decomposition  is  into  an  interior  and  exterior  one.  The  interior  region  may  consist 
of  several  subregions,  not  necessarily  contiguous.  To  simplify  the  following  discussion,  we  omit  this  generalization, 
however,  the  implementing  software  allows  such  generality.  The  electromagnetic  fields  obtained  from  the  MM  (exterior) 
and  FVFD  (interior)  solutions  are  matched  rigorously  at  the  boundary  of  the  regions.  (See  the  MM  interface  boundary 
condition  definition  in  Section  3.)  The  details  of  the  solution  process  for  each  of  the  regions  are  described  next. 

To  clarify  this  development  it  is  convenient  to  introduce  a  generic  scatterer,  that  is  part  conducting  and  pan 
penetrable  as  is  depicted  in  Figure  1.  The  case  of  a  totally  coated  scatterer  is  a  subcase  of  the  former.  For  ease  of 
illustration,  the  geometry  in  Figure  1  depicted  as  2D,  however,  the  present  formulation  applies  equally  well  to  arbitrary 
3D  cases.  The  exterior  and  interior  regions  are  denoted  as  regions  1  and  2,  respectively.  The  equivalent  surface  currents 
associated  with  the  various  surfaces  bounding  the  regions  are  shown. 

The  time  harmonic  interior  PDE  formulation  can  be  written  in  matrix  form  as  (Section  3): 

AQ  =  h  (17) 

where  the  column  vector  Q  represents  the  cell  centered  E  and  H  fields  for  the  interior  region.  Each  cell  in  the  interior 
mesh  has  six  field  components;  The  unknowns  and  equations  in  (17)  can  be  reordered  so  that  the 

interior  cells  which  border  the  coupling  surface  are  grouped  first.  With  this  reordering,  the  matrix  equation  (17)  can 
be  written  in  partitioned  form  as: 


where  the  vectors  J~  and  M~  represent  the  source  currents  (fluxes)  on  for  the  interior  problem.  The  vectors  E~  and 
are  the  cell  centered  fields  for  the  cells  which  border  the  coupling  surface  and  and  are  the  remaining 
interior  cell  centered  fields.  Note,  the  number  of  terms  in  each  of  ^  number  of  cells 

which  border  surface  53.  In  the  following,  we  will  assume  that  equations  (17  and  18)  have  the  same  ordering,  and  we 
will  use  both  notations  at  times  for  describing  the  interior  problem.  For  the  exterior  problem,  referring  to  lugure  1,  the 
total  fields  in  the  free  space  region  /?j  are  given  by  equation  (1),  and  can  be  written  explicitly  as: 

0(r)E,  =£‘"^(f)-L,[7, +J3](P)  +  /i:jM3(f)  e(r)^,  =  +  J3](r)  +  ;^Z,M3(r)  (19) 

Applying  the  Galerkin  method  of  moments  to  the  E-field  equation  on  surface  1,  we  obtain  the  matrix  equation 
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(20) 


A.^,+V3-J;.3A^3=e. 

which  is  the  second  row  of  the  matrix  equation  (7)  of  Section  1.  On  the  MM/PDE  coupling  surface,  Sy  we  have 


1  ,  w. ,  a; 


In  order  to  couple  to  the  interior  problem,  we  enforce  continuity  of  the  tangential  £  and  H  fields  across  by  substituting 
£*!ym  and  for  £3*1^  and  respectively.  These  fields  are  represented  by  the  interior  PDE  unknowns  in  Q 

which  border  Sy  Applying  the  Galerkin  MM  to  equation  (21),  we  obtain  (note  that  //-field  equation  is  multiplied  by  7)0 ) 

Al*^l  +  BE^  —  £3  ■*‘'^33'^3  '*'~^3'^3  ■*"  ^^3  ~  ^3  (22) 

The  matrix  B,  which  results  from  testing  the  fields  on  surface  Sy  is  sparse  since  each  exterior  MM  testing  function  only 
interacts  with  the  interior  cells  which  are  contained  within  the  support  of  the  testing  function.  The  three  MM  matrix 
equations  (20  and  22),  in  terms  of  the  exterior  MM  unknowns  JyJ-3,  and  A/3,  and  the  interior  PDE  unknowns 
£J ,  //j" ,  £. ,  and  can  be  written  as 

fi.  1 


A3 

-^13 

0 

0 

0 

0 

M3 

4 

-3^33 

B 

0 

0 

0 

e; 

^3 

^33 

0 

B 

0 

0 

4' 

- 

E, 

//. 

Note,  we  have  omitted  the  region  numbers  from  the  Galerkin  MM  operators  since  they  only  apply  to  the  exterior  free- 
space  region.  For  convenience,  we  will  write  equation  (23)  as 

ZJ  +  BQ^V  (24) 


are  the  PDE  interior  unknowns,  and  V  =  £3  are  the 


where  /  =  are  the  MM  exterior  unknowns,  Q  = 

Af, 


tested  exterior  incident  fields. 

Note  that  in  equation  (24),  the  MM  matrix  Z  is  dense,  the  coupling  matrix  B  is  sparse,  and  we  have  fewer 
equations  than  unknowns.  In  order  to  obtain  a  determined  system  of  equations,  we  will  relate  the  interior  problem  source 

terms  in  equation  (18)  to  the  exterior  MM  unknowns  in  equation  (23).  This  results  in  a  sparse  transformation  matrix  f 

which  relates  the  MM  unknowns  and  to  the  PDE  sources  J-  and  Af  J  (i.e.  fj^  =  J~  and  TAfj  =  M;).  Equation 
(18)  can  now  be  rewritten  as 


■4* 

'fj;' 

4' 

Tm; 

£. 

0 

H._ 

0 

For  convenience,  we  will  write  this  equation  AQ  =  h  =  -TI  or  equivalently 

A0+T/  =  O 
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The  MM/PDE  coupled  system  of  equations  (24  and  26)  is  thus  given  by 


PA  TTQl 

’O' 

aj 

y 

(27) 


where  the  matrices  A,r,  and  B  are  sparse,  and  Z  is  dense.  Note,  this  equation  is  valid  for  either  2D  or  3D  geometries. 
The  explicit  forms  of  the  matrix  elements  depends  on  the  geometry  type,  basis  functions,  etc.  Note,  MM/FEM  solutions 
also  result  in  this  same  matrix  form.  This  matrix  equation  can  be  solved  for  both  the  interior  and  exterior  unknowns,  or  if 
only  the  MM  exterior  unknowns  are  required,  the  following  reduced  matrix  equation  can  be  tised  to  solve  for  I 

[Z-5^-*7’]/  =  V  (28) 


5.  Results 


The  results  presented  here  include  two-  and  three-  dimensional  (2D  and  3D)  cases.  Results  for  the  hybrid  code 
are  compared  to  MM  results.  For  all  these  cases  CFD  was  used  to  model  the  interior  and  MM  for  the  exterior.  Figures  3- 
5  show  bistatic  RCS  (dBA.)  results  for  both  TE  and  TM  polarization  for  2D  circular  cylinder  cases.  The  direction  of 
incidence  is  0=0®.  Figure  3  is  for  a  perfectly  electrically  conducting  (PEC)  case,  where  the  air  coating  is  ring  shaped. 


Figure  3.  2D  PEC  circular  cyIinder,lA,  diameter  with 
0.0375X  air  coating. 


Figure  4. 2D  lossy  (e=2-j0.4)  circular  cylinder, 
IX  diameter 


with  160x6  quadrilateral  cells.  Figures  4  is  a  homogeneous  lossy  case,  while  Figure  5  is  a  lossless  anisotropic  case.  The 
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mesh  for  Figure  4  is  120x24  and  for  Figure  5  the  mesh  is  80x14,  with  both  arranged  in  a  polar  topology.  All  three 
problems  are  meshed  with  even  spacing  in  the  circumferential  direction,  and  in  the  radial  direction  with  a  gradually  finer 
spacing  towards  the  CFD/MM  boundary. 

Figures  6-8  are  3D  cavity  cases  and  show  the  monostatic  RCS  in  dB/2,^.  Each  case  consists  of  a  box  shaped 
cavity  with  an  opening  at  one  end  ((J)=90°),  PEC  walls  for  the  other  five  faces  and  a  homogeneous  dielectric  material  filled 
interior.  Figures  6  and  7  have  been  run  both  with  and  without  geometric  symmetry  and  as  either  as  a  single  problem  or  as 
a  serial  cascaded  decomposition  of  the  interior.  The  interior  mesh  for  the  full  geometry  for  Figures  6  and  8  was  a  lOxlOx 
14  hexahedral  cell  mesh,  and  for  Figure  7  a  10x10x44  cell  mesh.  TT  signifies  60  polarization  and  PP  is  for  ([«}) 
polarization. 


-90  -60  -30  0  30  60  90 


<f> 

Figure  7.  3D  rectangular  duct  (lXxl/4Xx  1/4X,), 
filled  with  £=2  material. 


Figure  8.  3D  wedged  shaped  duct  {VlkaltlX  base, 
l/2X,xl/4X  top,  VAX  height,  45®  slanted  aperture), 
filled  with  e=2.j0.4  material. 


6.  Conclusions 

We  have  presented  a  hybrid  formulation  which  couples  an  interior  PDE  solution  with  an  exterior  MM  solution 
for  truncation  of  the  computational  domain.  We  have  shown  both  2D  and  3D  results  validating  the  approach.  The 
interior  solution  is  based  upon  well  developed  CFD  methods  for  solving  PDEs.  The  numerical  implementation  is  robust. 
It  allows  both  2D  and  3D  solutions,  uses  geometric  symmetry,  zonal  decomposition  of  the  interior  domain,  and  is 
applicable  to  all  of  the  standard  MM  boundary  conditions  for  the  exterior  problem.  Solutions  can  be  based  on  a  total 
solution  approach,  or  a  cascaded  solution  approach  which  eliminates  the  interior  problem  from  the  solution. 
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Abstract 

Hybrid  finite  element  -  boundary  integral  methods  are  quite  attractive  because  they  combine 
the  rigor  of  integral  equation  mesh  truncation  and  the  adaptability  of  the  finite  element  method 
for  modeling  dielectric  and  inhomogeneous  volumes.  However,  for  arbitrary  geometries,  boundary 
integral  truncations  lead  to  much  larger  CPU  requirements  and  memory.  Also,  being  a  frequency 
domain  method,  the  finite  element  method  may  not  be  attractive  for  generating  broadband  data 
sets  In  this  paper,  we  present  two  improvements  to  the  hybrid  finite  element  -  boundary  integral 
method  aimed  at  improving  its  memory  and  CPU  efficiency  in  generating  single  frequency  and 
broadband  data.  In  terms  of  CPU  efficiency,  a  hybridization  of  the  finite  element  method  with 
a  windowed  version  of  the  fast  multipole  method  will  be  discussed  which  provides  for  a  good 
compromise  between  speed  and  accuracy.  Results  will  be  given  for  scattering  applications  of  the 
hybrid  method.  Asymptotic  waveform  evaluation  is  a  frequency  extrapolation  approach  and  allows 
for  the  prediction  of  broadband  responses  using  a  few  data  points  generated  from  the  full  wave 
analysis.  In  the  paper,  we  will  demonstrate  the  efficiency  afforded  by  this  technique  when  applied 
to  circuit  analysis  using  the  finite  element  method. 

1  Introduction 

The  finite  element-boundary  integral  (FE-BI)  method  has  been  quite  popular  and  extensively  applied 
to  many  scattering  and  raffiation  problems.  The  method  [1]  combines  the  geometrical  adaptability 
and  materia]  generality  of  the  FEM  with  the  rigorous  boundary  integral  (BI)  for  truncating  the 
mesh.  Nevertheless,  although  “exact”,  the  FE-BI  leads  to  a  partly  fuU  and  partly  sparse  system 
which  is  computationally  intensive  for  large  boundary  integrals.  When  the  boundary  is  rectangular 
or  circular,  the  FFT  can  be  used  to  reduce  the  memory  and  CPU  requirements  down  to  NlogN 
[1][2].  However,  in  general,  the  boundary  integral  is  not  convolutional  and  in  that  case  the  CPU 
requirements  will  be  0{N^),  where  Nb  denotes  the  unknowns  on  the  boundary.  The  application  of  the 
fast  multipoie  method  (FMM)  enables  the  computation  of  the  boundary  matrix-vector  product  using 
operations  per  iteration  [3].  Multilevel  schemes  can  also  be  employed  to  reduce  the  operation 
count  down  to  [4].  In  this  paper,  we  apply  three  different  versions  of  the  FMM  to  reduce  the 

storage  and  computational  requirements  of  the  boundary  integral  when  the  latter  is  used  to  terminate 
the  finite  element  mesh.  By  virtue  of  its  low  operation  count,  the  application  of  the  FMM  results  in 
substantial  speed-up  of  the  boundary  integral  portion  of  the  code  independent  of  the  boundary  shape. 
Each  version  of  the  FMM  is  associated  with  inherent  approximations  and  a  goal  of  this  paper  is  the 
evaluation  of  these  approaches  in  terms  of  CPU  requirements  and  accuracy. 

The  method  of  Asymptotic  Waveform  Evaluation  (AWE)  provides  a  reduced-order  model  of  a 
Unear  system  and  has  already  been  successfully  used  in  VLSI  and  circuit  analysis  to  approximate 
the  transfer  function  associated  with  a  given  set  of  ports /variables  in  circuit  networks  [5](this  also 
contains  extensive  references  on  the  method  and  its  appUcation).  The  basic  idea  of  the  method  is 
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to  develop  an  approximate  transfer  function  of  a  given  linear  system  from  a  limited  set  of  spectral 
solutions.  Typically,  a  Fade  expansion  of  the  transfer  function  is  postulated  whose  coefficients  are  then 
determined  by  matching  the  Fade  representation  to  the  available  spectral  solutions  of  the  complete 
system.  In  this  paper  we  investigate  the  suitability  of  the  AWE  method  for  approximating  the  response 
of  a  given  parameter  in  full  wave  simulations  of  radiation  or  scattering  problems  in  electromagnetics. 
Of  particular  interest  is  the  use  of  AWE  for  evaluating  the  input  impedance  of  the  antenna  over  a 
given  bandwidth  from  a  knowledge  of  the  full  wave  solution  at  a  few  (even  a  single)  frequency  points. 
Also,  the  method  can  be  used  to  fill-in  a  backscattering  pattern  with  respect  to  frequency  using  a 
few  data  samples  of  that  pattern.  We  describe  the  application  of  the  AWE  to  a  FEM  system.  At  the 
conference,  we  will  describe  its  application  to  a  hybrid  FE-BI  system. 


2  Formulation 


2.1  Application  of  the  FMM  to  hybrid  FE-BI  systems 

As  an  illustration  of  the  proposed  application  of  the  FMM  to  hybrid  FE-BI  systems  we  consider  the 
scattering  by  a  cavity-backed  groove.  The  FE-BI  formulation  for  this  problem  was  already  outlined 
in  [2]  and  results  in  the  system 


lAi„,]  [A,]  ]  f  {^}  1  _  f  0  \ 

lA^]  [i?]  J  J  “  I  {fcj  / 


(1) 


For  .ffj -incidence,  the  vector  {4>)  represents  the  magnetic  field  at  the  nodes  within  the  groove  and 
on  the  boundary  whereas  {^}  is  proportional  to  the  magnetic  current  (or  tangential  electric  field)  on 
the  boundary  cells.  By  virtue  of  the  finite  element  method,  the  matrices  [Ai^t]  and  [A^,]  are  sparse 
and  thus  the  corresponding  matrix- vector  products  are  implemented  using  0{N)  operations.  However 
[J5]  is  a  full  sub-matrix  and  thus  O^N^)  operations  are  needed  to  perform  the  product  with 

Nb  denoting  the  number  of  nodes  on  the  cavity  aperture.  Consequently,  in  an  iterative  solution,  this 
matrix-vector  product  becomes  the  computational  bottleneck.  To  reduce  the  operation  count  we  can 
employ  the  FMM  procedure  for  implementing  the  products  [B]{^’}.  We  thus  examine  three  versions 
of  the  FMM  to  accelerate  the  boundary  integral  matrix-vector  product  computation.  Specifically,  the 
exact  FMM  [6],  a  windowed  FMM  [7]  and  an  approximate  FMM  [8]  are  examined.  The  theory  of 
the  FMM  has  been  described  in  the  previously  mentioned  references  and  in  this  paper  we  focus  on 
their  implementation  and  performance  in  a  hybrid  environment  and  on  clearly  describing  how  their 
reduced  operation  count  is  achieved.  For  the  system  (1)  the  pertinent  matrix  vector  product  [B]{t/j} 
is  obtained  from  the  discretization  of  the  integral  equation  (for  TE  incidence) 

-  5  /  {ko\p  -  n)  dl'  =  f  r  (2) 

where  HI  denotes  the  incident  field  on  the  aperture  T  and  Hf^^  is  the  magnetic  field  in  the  FEM 
domain  ev'aluated  just  below  the  aperture.  Since 

=  '  r  (3) 

is  the  scattered  field  it  follows  that  =  koYoMz  =  koYoE^^  and  is  the  x-component  of  the  electric 
field  on  the  aperture.  It  is  readily  identified  that  (2)  enforces  continuity  of  the  magnetic  field  across 
the  aperture  (i.e.  across  the  interior  FEM  domain  and  the  exterior  region).  The  continuity  of  the 
corresponding  tangential  electric  field  components  is  enforced  by  choosing  the  excitation  of  the  FEM 
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domain  to  be  the  negative  of  the  magnetic  current  across  the  aperture  just  below  V  as  described  in 

[2]. 

The  FMM  achieves  its  reduced  operation  count  by  expanding  the  Green's  function  to  decouple  the 
source  and  test  elements,  then  grouping  the  elements  which  are  electrically  far  apart  and  finally  inter¬ 
acting  their  weighted  contributions.  The  computation  of  matrix-vector  product  during  the  execution 
of  the  boundary  integral  is  indicated  in  Figure  1.  The  sequence  of  operations  comprises  of  aggregating 
the  radiation  of  each  individual  source  element  into  a  group  (aggregation),  translating  the  radiation  to 
a  test  group  center  (translation),  and  then  redistributing  to  the  individual  elements  in  the  test  group 
(disaggregation). 

In  the  exact  FMM,  the  translation  operation  between  groups  assumes  isotropic  radiation.  However, 
it  is  suggestive  that  the  groups  would  interact  strongly  along  the  line  joining  them  and  less  so  in  other 
directions.  Indeed,  it  was  shown  in  [7]  that  the  translation  operator  could  be  contemplated  as  composed 
of  a  geometrical  optics  (GO)  term  (along  the  line  joining  the  source  and  test  group)  and  two  diffraction 
terms  associated  wdth  the  shadow  boundaries  of  the  GO  term.  This  high  frequency  model  enables 
the  identification  of  a  lit  region  even  for  groups  which  are  not  widely  separated  and  achievement  of  a 
reduced  operation  count  (see  Figure  2)  by  eliminating  the  translations  in  the  dark  region. 

The  approximate  FMM  also  referred  to  as  the  Fast  Far  Field  Algorithm  (FAFFA)  makes  use  of 
the  far-zone  expansion  of  the  Green’s  function  and  is  thus  more  approximate  than  the  other  two 
techniques.  The  technique  by  which  it  achieves  a  reduced  operation  count  is  shown  in  Figure  3. 

2.2  AWE 

To  describe  the  basic  idea  of  AWE  in  conjunction  with  the  FEM,  we  begin  by  first  expanding  the 
solution  {A}  of  the  FEM  system  in  a  Taylor  series  about  ko  as 

{X}  =  {Xo}  +  (t  -  fco)  {X, }  +  (i  -  fco)"  {x,}  +  . . . 

+(i:-i„)qx,}  +  o{(fc-io)''"'}  (4) 

w'here  {Ao}  is  the  solution  of  the  original  FEM  system  corresponding  to  the^  wavenumber  ko.  After 
some  manipulations,  we  find  that 

{Xo}  =  ioAo'{/i} 

{Xi}  =  AoM{/i}-A.{Xo}-2*:oA2{Xo}] 

{Xj)  =  -Ao-'[A,{Xi}  +  A2({Xo}  +  2io{X,})]  (5) 


{X,}  =  -AoMA,{X,-i}  +  A2({X,-2}  +  2fco{X,-j})l 

with 


Ao  =  Ao  -h  koA.1  -f  koA.2 


(6) 


where  A,-  denote  the  usual  sparse  matrices. 

Expressions  (5)  are  referred  to  as  the  system  moments  whereas  (6)  is  the  system  at  the  prescribed 
wavenumber  (ko).  Although  an  explicit  inversion  of  Aq^  may  be  needed  as  indicated  in  (5),  this 
inversion  is  used  repeatedly  and  can  thus  be  stored  out-of-core  for  the  implementation  of  AWE.  Also, 
given  that  for  input  impedance  computations  we  are  typically  interested  in  the  field  value  at  one 
location  of  the  computational  domain,  only  a  single  entry  of  {A/(/;)}  need  be  considered,  say  (the  pth 
entry)  Xf{k).  The  above  moments  can  then  be  reduced  to  scalar  form  and  the  expansions  (5)  become 
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Aggregation 


Translation 


Disaggregation 


Aggregation  op.  count 
(M)(M)ffi)=NM 


Translation  op.  count 


Disaggregation  op.  count 


(M)  (M)  (■S)=  NM 


Figure  1:  Sequence  of  operations  to  be  performed  in  the  Exact  FMM 
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Figure  2:  Translation  flow  of  the  WFMM  Figure  3:  Flow  of  the  Approximate  FMM 


a  scalar  representation  of  Xf{k)  about  the  corresponding  solution  at  ko.  To  yield  a  more  convergent 
expression,  we  can  instead  revert  to  a  Fade  expansion  which  is  a  conventional  rational  function. 

For  a  hybrid  finite  element  -  boundary  integral  system,  the  implementation  of  AWE  is  more  in- 
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volved  because  the  fully  populated  boundary  integral  submatrix  of  the  system  has  a  more  complex 
dependence  on  frequency.  In  this  case  we  may  instead  approximate  the  fuU  submatrix  with  a  spec¬ 
tral  expansion  of  the  exponential  boundary  integral  kernel  to  facilitate  the  extraction  of  the  system 
moments.  This  approach  does  increase  the  complexity  in  implementing  AWE.  However,  AWE  still 
remains  far  more  efficient  in  terms  of  CPU  requirements  when  compared  to  the  conventional  approach 
of  repeating  the  system  solution  at  each  frequency. 

3  Results 
3.1  FE-FMM 

A  computer  code  based  on  the  above  EMM  formulations  and  utilizing  the  conjugate  gradient  solver 
was  implemented  and  executed  on  a  HP  9000/750  workstation  with  a  peak  flop  rate  of  23.7  MFLOPS. 
Table  1  compares  the  execution  time  and  RMS  error  [9]  of  the  standard  FE-BI  to  the  FE- Exact  FMM, 
FE-FAFFA  and  the  FE-Window'ed  FhlM  (FE-WFMM)  for  rectangular  grooves  of  widths  25A,  35A 
and  50A.  The  depth  of  the  groove  was  0.35A  with  a  material  Ailing  of  =  4  and  ^^  =  1  and  was 
illuminated  at  normal  incidence.  The  data  reveal  that  the  FE-FMM^^“^‘  offers  almost  a  50%  savings 
in  execution  time  with  almost  no  compromise  in  accuracy.  While  the  FE-FAFFA  is  the  fastest  of  the 
three  algorithms,  the  RMS  error  was  substantially  higher  (>1  dB).  If  the  maximum  tolerable  RMS 
error  is  set  at  1  dB^[9],  the  FE-Windowed  FMM  is  the  most  attractive  option  since  it  meets  the  error 
criterion  and  is  only  slightly  slower  than  the  FE-FAFFA.  Of  interest  is  the  comparison  of  the  residual 
error  as  a  function  of  the  number  of  iterations  in  the  CG  solver.  Such  a  comparison  is  shown  in  Figure 

4  and  is  seen  that  the  curves  for  the  FE-BI  and  the  FE-FMM^*“='  overlap  to  graphical  accuracy 
whereas  the  FE-WFMM  shows  a  very  small  deviation  from  the  exact  result.  Thus,  the  hybridization 
of  the  FMM  does  not  have  any  adverse  effect  on  the  condition  of  the  FE-BI  system. 


Groove 

Width 

Total 

Unknowns 

BI 

Unknowns 

CPU  Time  for  BI  (Minutes. seconds) 

FE-BI  (CG) 

FE-FAFFA 

FE-FMM^^»« 

FEWTMM 

25A 

2631 

375 

(8,48) 

(3,26) 

(5,25) 

(4,13) 

35A 

3681 

525 

(16,34) 

(5,55) 

(10,31) 

(7,22) 

50A 

5256 

750 

(45,1) 

(14,31) 

.  (26,18) 

(16,10) 

RMS  error  (dB) 

Groove  Width 

FEFAFFA 

FE-FMM^^“« 

FE-WFMM 

25A 

1.12 

0.0752 

0.6218 

35A 

1.2 

0.1058 

0.721 

50A 

1.36 

0.1123 

0.843 

Table  1:  CPU  Times  and  RMS  error  of  the  hybrid  algorithms 


3.2  AWE 

As  an  application  of  AWE  to  a  full  wave  electromagnetic  simulation,  we  consider  the  evaluation  of 
the  input  impedance  for  a  microstrip  stub  shielded  in  a  metallic  rectangular  cavity  as  shown  in  flgure 

^To  our  experience,  this  error  criterion  gives  a  calculated  pattern  that  is  visually  in  excellent  agreement  with  the 
exact.  Typically,  a  3  dB  error  criterion  can  lead  to  large  deviations  between  calculated  and  exact  data 
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Figure  4;  Convergence  curves  for  the  hybrid  algorithms  for  the  groove  of  width  25A 

5(a).  The  stub’s  input  impedance  is  a  strong  function  of  frequency  from  1-3  GHz  and  this  example  is 
therefore  a  good  demonstration  of  AWE’s  capability. 

The  shielded  cavity  is  2.38cm  x  6.00cm  x  1.06cm  in  size  and  the  microstrip  stub  resides  on  a  0.35cm 
thick  substrate  having  a  dielectric  constant  of  3.2.  The  stub  is  0.79cm  wide  and  A/2  long  at  1.785 
GHz  and  we  note  that  the  back  wall  of  the  cavity  is  terminated  by  a  metal-backed  artificial  absorber 
having  relative  constants  of  =  (3.2,— 3.2)  and  fir  =  (1.0,— 1.0). 

As  a  reference  solution,  the  frequency  response  of  the  shielded  stub  was  first  computed  from  1  to 
3  GHz  at  40  MHz  intervals  (50  points)  using  a  full  wave  finite  element  solution.  To  demonstrate  the 
efficacy  and  accuracy  of  AWE  we  chose  a  single  input  impedance  solution  at  1.78  GHz  in  conjunction 
with  the  4th  order  and  8th  order  AWE  to  approximate  the  system  response.  Clearly  the  chosen  number 
of  poles  or  order  of  the  expansion  leads  to  different  accuracies.  As  seen  in  Figure  5(b),  the  4th  order 
AWT  representation  is  in  agreement  with  the  real  and  reactive  parts  of  the  reference  input  impedance 
solution  over  a  56%  and  33%  bandwidth,  respectively.  Surprisingly,  the  8th  order  AWT  representation 
recovers  the  reference  solution  over  the  entire  1-3  GHz  band  for  both  the  real  and  reactive  parts  of 
the  impedance.  However,  the  CPU  requirements  for  the  4th  and  8th  order  approximations  are  nearly 
the  same  except  for  a  few  more  matrix-vector  products  needed  for  the  higher  order  expansion.  The 
number  of  these  operations  are  of  the  same  order  as  that  of  the  AWE  expansion  and  are  much  smaller 
than  the  size  of  the  original  numerical  system. 

We  conclude  that  the  AWE  representation  is  an  extremely  useful  addition  to  electromagnetic 
simulation  codes  and  packages  for  computing  wideband  frequency  responses  using  only  a  few  samples 
of  the  system  solution. 
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Abstract 

Antenna  system  performance  is  largely  dependent  upon  resulting  antenna 
radiation  patterns.  For  this  reason,  the  design  of  airborne  antenna  systems 
requires  radiation  analysis  of  antennas  on  an  aircraft  structure.  However,  it  is  a 
difficult  task  to  predict  the  radiation  patterns  of  practical  antennas/arrays  mounted 
on  an  airframe  due  to  the  limitations  of  current  analysis  techniques.  Thus,  a 
hybrid  approach  has  been  investigated  to  simulate  complex  antennas  mounted  on 
an  aircraft  utilizing  both  low  and  high  frequency  analysis  techniques.  This  paper 
describes  an  efficient  computer  simulation  of  log  periodic  slot  arrays  when  the 
arrays  are  mounted  on  a  large  curved  surface  such  as  an  aircraft  fuselage  or  wing. 
The  approach  utilizes  both  low  and  high  frequency  techniques  but  does  not 
require  modification  of  existing  prediction  codes. 

Introduction 

In  recent  years,  many  computer  codes  based  on  low  frequency  numerical 
techniques  (i.e.  MoM,  FEM,  FDTD,  etc.)  have  been  developed  to  predict  the 
radiation  characteristics  of  various  antenna  types.  However,  application  of  these 
methods  is  limited  to  antennas  on  a  planar  surface  due  to  the  large  electrical  size 
of  realistic  aircraft  models.  The  Airborne  Antenna  Radiation  Pattern 
(AIRCRAFT)  code[l],  which  is  based  on  the  Uniform  Geometrical  Theory  of 
Diffraction  (UTD),  has  been  widely  used  for  predicting  the  radiation  patterns  of 
antennas  mounted  on  a  curved  surface.  The  method  takes  into  account  creeping 
wave  scattering  in  shadow  regions  and  scattering  by  other  aircraft  structures.  The 
antenna  models  used  as  sources  for  predicting  radiation  patterns  with  the 
AIRCRAFT  code,  however,  are  limited  to  a  few  basic  antenna  types  due  to  the 
numerical  techniques  involved.  This  limitation  means  one  can  not  directly  model 
complex  antenna  shapes,  such  as  log-periodic  antennas,  using  the  AIRCRAFT 
code.  For  this  reason,  a  new  simulation  approach  is  investigated  which  utilizes 
equivalent  sources  to  approximate  the  actual  current  distribution  on  the  antenna 
for  use  as  input  to  the  AIRCRAFT  code. 

A  wing  mounted  log  periodic  slot  array  (LPSA)  operating  from  2  to  18  GHz 
(9:1  bandwidth)  is  considered  for  analysis.  Initially,  a  log-periodic  dipole  array 
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(LPDA)  is  analyzed,  later  being  converted  to  an  equivalent  log  periodic  slot  array 
using  duality.  As  frequency  varies  over  the  given  range,  the  current  distribution 
on  the  arms  of  the  antenna  changes  significantly.  Low-frequency  numerical 
techniques  (i.e.  MoM,  FEM,  FDTD)  allow  for  analysis  of  these  current 
distributions  for  the  antenna  on  a  planar  surface.  Once  the  current  distribution  of 
the  antenna  is  analyzed  at  a  particular  frequency,  the  NEC/Basic  Scattering  Code 
(NEC/BSC)  [2]  is  used  to  determine  the  equivalent  source  types  for  the 
AIRCRAFT  code.  The  equivalent  current  sources  and  a  computer  generated 
aircraft  geometry  are  then  used  by  the  AIRCRAFT  code  to  predict  the  resulting 
radiation  patterns.  These  patterns  include  the  effects  of  creeping  wave  scattering 
in  the  shadow  region  as  well  as  scattering  from  complex  aircraft  structures.  A 
block  diagram  of  the  complete  simulation  process  is  illustrated  in  Figure  1.  The 
methods  used  have  been  verified  with  both  measurements  and  other  numerical 
solutions. 


Computation  of  LP  Antenna  Currents 

Figure  2  illustrates  an  example  of  a 
planar  LPDA  with  17  radiating  elements 
designed  for  operation  from  2  to  18  GHz. 
As  a  first  step  in  the  modeling  process,  the 
current  distributions  on  the  arms  of  the 
antenna  are  calculated  using  low  frequency 
MoM  codes  [3,4].  The  geometry  is 
discretized  as  shown,  allowing  the  relative 
current  distribution  in  the  center  of  each 
arm  of  the  antenna  to  be  easily  computed. 
Since  the  current  distributions  vary  with 
frequency,  separate  distributions  must  be 
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computed  for  each  frequency.  Figure  3  illustrates  the  calculated  principal  plane 
antenna  patterns  at  2  GHz  using  a  MoM  code  and  current  maximum  on  each  of 
the  arms  of  the  antenna.  Upon  inspection  of  Figure  3,  it  is  seen  that  elements  13 
through  16  (element  17  being  the  largest)  are  the  active  elements  of  the  antenna 
since  these  elements  are  supporting  the  most  current.  Figure  4  illustrates  the 
current  distributions  for  each  element  of  the  antenna  versus  element  length. 


Equivalent  Source  Determination  Using  the  NEC/BSC 


Once  current  distributions  are  generated,  the  NEC/BSC  is  used  to  determine 
an  equivalent  source  representation  of  the  LPSA  for  use  with  the  AIRCRAFT 
Code.  Note  that  the  LP  dipole  current  (electric  current)  is  used  to  determine  the 
LP  slot  aperture  current  (magnetic  current)  by  duality.  The  cosinusoidal  behavior 
of  the  current  on  the  active  elements  of  the  antenna  allows  for  close 
approximation  by  the  equivalent  source  representation  of  the  NEC/BSC.  Figure  5 
illustrates  a  comparison  of  radiation  patterns  obtained  from  the  MoM  versus  those 
obtained  from  the  equivalent  source  model  of  the  NEC/BSC  at  frequencies  of  2, 
10  and  18  GHz.  The  comparisons  show  that  the  patterns  are  not  sensitive  to  small 
variations  of  the  current  in  the  apertures.  Since  Ae  NEC/BSC  is  closely  related  to 
the  AIRCRAFT  Code,  the  equivalent  current  sources  from  the  NEC/BSC  may  be 
used  directly  by  the  AIRCRAFT  Code. 

Application  of  the  AIRCRAFT  Code 

For  the  purposes  discussed  here,  the  antenna  is  placed  on  the  bottom  of  the 
wing  of  an  aircraft.  This  is  accomplished  by  modeling  the  wing  as  a  composite 
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ellipsoid,  with  the  fuselage  approximated  using  flat  triangular  plates.  Figure  6 
illustrates  a  computer  model  of  an  aircraft  with  the  antenna  mounted  on  the  wing. 
Figure  7  compares  AIRCRAFT  code  predictions  with  measurements  at  a 
frequency  of  2  GHz  for  a  LPSA  mounted  in  both  inboard  and  outboard  positions 
of  the  wing.  The  comparisons  show  close  agreement  in  the  angular  section  of 
interest.  Note  that  measured  data  was  taken  for  the  LPSA  on  a  full  scale  model 
aircraft  whereas  the  computer  aircraft  model  did  not  include  aft  aircraft  and  wing 
sections.  Thus,  one  can  not  expect  good  agreement  in  the  aft  directions. 


Conclusions 

An  efficient  computer  simulation  technique  has  been  developed  for  radiation 
analysis  of  practical  antennas  mounted  on  a  large  aircraft  structure.  The 
simulation  technique  utilizes  low  frequency  analysis  techniques  for  the  antenna 
simulation,  and  high  frequency  techniques  for  modeling  of  equivalent  sources.  In 
addition,  the  technique  includes  scattering/creeping  wave  effects  from  aircraft 
stmctures.  Extensive  measurements  have  been  taken  to  verify  the  accuracy  of  the 
hybrid  simulation  technique.  All  comparisons  demonstrate  close  agreement 
between  predictions  and  measurements  in  angular  sections  of  interest.  In  this 
study,  the  technique  was  applied  to  a  log  periodic  slot  array  mounted  on  the  wing 
of  an  aircraft.  However,  the  technique  is  also  applicable  to  many  other  complex 
airborne  antenna  types.  This  technique  can  be  used  to  determine  optimum 
locations  for  complex  airborne  antennas  as  well  as  to  evaluate  the  overall  installed 
performance  of  practical  antenna  systems. 
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Figure  6:  Computer  representation  of  aircraft  fuselage  used  to  locate  and  create  triangular 
PEC  plate  definitions. 


inboard  —  calculated  outboard 


Figure  7:  Normalized  measured  VS  calculated  azimuth  scans  with  LPSA  on  bottom  of  wing, 
vertical  polarization,  2  GHz. 
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Abstract 

Several  choices  and  issues  related  to  the  RCS  computation  of  a  duct  are  presented.  In  all  cases  the  duct 
is  embedded  in  a  ground  plane  and  the  first  choice  is  whether  to  model  some  of  the  exterior  of  the  duct  or 
to  consider  it  flush  with  the  ground  plane.  The  latter  choice  was  made.  The  next  choice  is  which  hybrid 
formulation  to  use  for  the  interior  of  the  duct.  The  case  where  the  interior  of  the  duct  has  a  non-metalhc 
liner  is  considered.  For  this  situation  the  entire  interior  can  be  modeled  with  finite  elements,  or  only  the 
interior  of  the  liner  can  be  modeled  with  finite  elements  and  then  integral  equations  defined  on  the  outer 
surface  of  the  liner  are  necessary. 

These  two  choices  are  discussed  relative  to  two  issues.  The  first  is  how  readily  can  a  code  be  written 
that  allows  the  duct  to  be  computed  a  segment  at  a  time,  and  then  have  these  analyses  combined  for  the 
entire  duct  computation.  The  second  issue  related  to  this  choice  is  the  present  and  future  availability  of 
sparse  and  dense  solvers.  Running  time,  scaling  information,  and  storage  requirements  are  presented 
for  existing  and  developing  solvers  that  bear  on  this  formulation  decision. 

It  is  recognized  that  for  obtaining  accurate  RCS  for  electrically  large  (»  10>.)  ducts,  a  higher  order  field 
expansion  may  be  required,  but  for  purposes  of  discussing  duct  solution  approaches,  the  first  order 
expansions  are  assumed  for  simplicity. 

I.  Introduction 

The  discussion  of  this  problem  will  be  based  on  providing  operation  counts  and  memory  requirements 
for  alternative  frequency  domain  approaches  to  compute  duct  RCS.  In  all  cases,  the  duct  will  be 
considered  to  be  embedded  in  a  ground  plane.  Our  SWITCH  code  can  accommodate  a  very  general  duct 
with  very  general  treatments;  however,  the  operation  count  will  be  presented  for  a  duct  that  has  a  square 
opening  and  a  rectangular  profile.  The  duct  will  be  gridded  with  hexahedral  elements  and  for  this 
discussion,  first  order  field  expansions  are  assumed  so  that  each  element  edge  corresponds  to  one  field 
unknown.  The  number  of  edges  on  each  side  of  the  square  opening  is  Nedg  depth  of  the  duct 

requires  lONedg  edges. 

Two  basic  formulations  are  compared  without  using  the  connection  procedure.  One  considers  that  the 
entire  interior  duct  is  gridded  with  finite  elements  and  this  would  permit  a  very  general  liner  treatment. 
The  other  considers  the  duct  to  be  perfectly  conducting  and  a  pure  moment  formulation  is  considered.  In 
both  cases  the  duct  opening  is  treated  with  a  moment  formulation.  Using  standard  solvers,  the  hybrid 
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finite  element  formulation  which  can  compute  the  general  liner  case  uses  less  computational  resources 
than  the  perfectly  conducting  moment  formulation. 

The  same  kind  of  comparison  is  presented  for  two  additional  situations.  One  is  the  introduction  of 
advanced  iterative  solvers  and  the  other  is  the  use  of  a  connection  procedure.  The  connection  procedure 
is  based  on  computing  relevant  quantities  for  the  duct,  one  section  at  a  time,  and  then  combmg  results  to 
compute  the  totd  duct  RCS. 

II.  USD  Solver 

Recently,  Professor  Due  Nguyen  of  Old  Dominion  University  has  developed  a  mixed  Sparse-Dense 
symmerical-unsyiranetrical  equation  solver  (USD)  for  the  SWITCH  c^e.  ms  solver  rioted  to  *e 
matrix  form  generated  by  the  hybrid  finite  element  boundary  integral  formulation  m  SWITCH.  In  ^s 
section  we  will  discuss  how  to  connect  the  SWITCH  code  to  the  sparse  portion  of  the  solver  and  to 
apply  it  to  predict  the  RCS  of  a  duct  embedded  in  an  infinite  ground  plane.  The  connection  procedure 
for  ducts  will  be  discussed. 

The  USD  solver  assumes  the  sparse  sub-matrix  is  symmetric.  To  satisfy  this  requirement  we  have  to 
assume  the  dielectric  material  is  isotropic  (or  symmetric  tensor  anisotropic),  but  it  can  be 
inhomogeneous.  The  sparse  solver  of  USD  corresponds  to  solving  the  following  fimte  element  equation 
portion  of  SWITCH. 

H7‘/JjfvxEl-fvxw')ds-k?ErJJjE-Wds  =  jkoJfW-{'nxHlds  (1) 


Due  to  the  isotropy  of  the  dielectric  material,  iLij.  and  Er  are  scalars.  Equation  (1)  leads  to  a  system  of 

Ne  equations  for  Ne  unknown  amplitudes  of  the  electric  field  E  •  The  solution  of  this  system  of 

equations  leads  to  a  relationship  of  the  E  field  in  terms  of  the  surface  H  field.  Let  Nhs  numt^r 

of  unknown  amplitudes  of  the  surface  magnetic  field  at  the  duct  aperture  opening,  equation  (1)  can  be 
expressed  in  matrix  form 

AiiE=Ai2Hs 

In  equation  (2)  An  is  a  sparse  symmetric  matrix  of  Ne*Ne-  If  an  edge  is  shared  by  at  most  4 
elements,  then  the  number  of  non-zero  elements  per  row  is  at  most  33  independent  of  the  problem  size. 
Ai2  is  a  sparse  non-square  matrix  of  Ne*Nhs-  Ee^  Ne=Nei  +  Nes»  where  Nei  is  the  number  o 
unknown  amplitudes  of  the  interior  electric  field  and  Nes  is  the  number  of  unknown  amplitudes  of  the 
surface  electric  field  (Es),Nes<Nhs-  The  solution  of  (2)  leads  to  a  matrix  relationship  between  the 
surface  electric  field  and  the  surface  magnetic  field; 

Es  =  CR  Hg  (3) 

where  CR  is  the  computed  relationship  matrix  of  Nes  *  Nhs-  It  ^  should  mentioned  that  even  though 
CR  is  a  much  smaller  matrix  than  Ai  i  and  A12,  the  matrix  Ai  1  must  be  inverted  in  order  to  obtain  the 
CR  matrix. 

Here  it  is  worth  discussing  the  symmetric  sparse  equation  solver  developed  by  professor  Nguyen  and 
NASA  Langley.  A  procedure  similar  to  the  Choleski  factorization  of  a  symmetnc  positive-definite 


matrix  has  been  developed  for  the  factorization  of  a  general  symmetric  matrix.  After  factorization  the 
matrix  An  becomes 


Aii=LDL'^  (4) 

where  L  is  a  lower  triangular  matrix  with  unit  value  on  the  diagonal  and  is  the  transpose  of  L  and  is 
an  upper  triangular  matrix.  D  is  a  diagonal  matrix.  The  number  of  arithmetic  operations  for  the 
factorization  of  matrix  Ai  i  in  equation  (4)  depends  on  the  sparsity  and  the  location  of  the  non-zero 
elements  of  matrix  Ai  i  and  it  is  difficult  to  quantify  the  number  of  operations  in  terms  of  the  matrix  size 
Ne  ■  In  general,  the  lower  triangular  matrix  L  is  still  sparse,  but  has  more  non-zero  elements  than  matrix 
Ai  1 .  The  additional  non-zero  matrix  elements  in  L  (which  are  zero  in  matrix  Ai  i )  are  named  “fill-in” 
terms.  The  reordering  algorithms  in  the  USD  solver  such  as  the  modified  minimum  degree  (MMDD)  or 
the  nested  dissection  (ND)  are  to  miniinize  the  fill-in  terms  in  L.  Assuming  the  number  of  non-zero 
terms  in  L  is  20  times  the  number  of  non-zero  elements  in  Ai  i  (based  on  experience),  the  number  of 
arithmetic  operations  in  factoring  Ai  i  is  approximately  (best  guess  based  on  conversations  with  Due 
Nguyen) 


Npac  -  6000Ne^/^  (5) 

With  the  same  assumption  of  fill-in  terms,  the  number  of  arithmetic  operations  to  solve  Ne  unknown 

^ 

amplitudes  for  E  in  terms  of  Ns  unknown  amplitudes  for  H  will  be 

Nsol~  680NeNhs  (6) 


The  above  procedure  only  leads  to  the  CR  matrix  relating  the  aperture  opening  E  field  in  terms  of  the 
aperture  H  field.  An  integral  equation  must  be  applied  at  the  opening  and  its  surroundings  to  solve  for 
the  surface  H  field  in  terms  of  the  incident  excitations. 

Let  us  compare  the  USD  sparse  solver  with  the  MOM  based  on  purely  integral  equation  approach.  For 
the  best  scenario  for  the  pure  MOM  approach  we  further  assume  the  duct  is  metallic.  For  simplicity, 
consider  a  rectangular  duct  with  Nedg  edges  in  the  x  and  in  the  y  direction  and  lONedg  edges  in  the  Z 
direction  and  Z=0  is  the  location  of  the  infinite  ground  plane.  The  total  number  of  patches  for  the  MCM 
approach  is  N^^^  =  +  and  the  total  number  of  H  unknowns  is  N^^^  ~  84N^^„  and 

the  E  unknowns  is  N^^^  ~  2N^a-  It  i^^ds  to  a  dense  matrix  86Ne<jo  by  86Nedo-  If  Gaussian 
elimination  is  applied  to  factor  this  matrix  the  number  of  arithmetic  operations  is  about 

NMOM  =  l(86N^jfy200000*N6jj  O) 

Since  Nedg  »  L  the  solve  time  is  much  less  than  the  factor  time  and  will  be  ignored. 
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For  the  USD  solver,  the  total  number  of  E  field  unknowns  is  (ignoring  unknowns  set  to  0  on 

metal  surface)  and  the  total  number  of  aperture  H  unknowns  is  The  number  of  arithmetic 

operations  to  factor  the  sparse  matrix  Ai  i  is  given  in  equation  5. 

3 

N}J®-6000(30N3,g)2-10«Nfa5  (8) 

The  number  of  arithmetic  operations  to  solve  the  sparse  matrix  An  with  2N^dg  right-hand  sides,  using 

equation  (6)  is 

nUSD  .  680 •  SON^dg •  2N2dg  ~  4  *  lO^N^^g  (9) 

The  total  number  of  arithmetic  operations  for  the  USD  solver  to  generate  the  CR  matrix  is 

NUSD.106N4^g  +  4^10^N5^g  (10) 

The  number  of  arithmetic  operations  to  substitute  the  CR  matrix  into  the  surface  integral  equation  of  the 
SWITCH  code  is 

N,„b  =  (2Ny^  =  8N|ig  (11) 

due  to  a  matrix  multiply.  The  number  of  arithmetic  operations  to  factor  the  surface  integral  equation  of 
SWITCH  is  «  -  *  .  The  total  number  of  operations  for  the  USD  solver  is 

nUSD  ^  io6n4^5  +  4  ^  io4N5dg  + 1  IN^jg  (12) 

A  practical  problem  of  interest  might  be  Nedg  =  100.  This  problem  corresponds  to  30  miUion 
unknowns  for  SWITCH  and  corresponds  to  860,000  unknowns  for  the  MOM  approach.  The  total 
number  of  arithmetic  operations  for  the  MOM  approach  is  2  *  10^^  operations.  For  the  USD  solver  it  is 
1.4*10^5.  The  USD  solver  for  the  SWITCH  code  is  140  times  faster  than  the  Gaussian  elimination 
method  for  the  MOM  approach  even  though  the  SWITCH  code  has  many  more  unlmowns  than  the 
MOM  approach.  The  larger  the  problem  size,  i.e.,  the  larger  the  Nedg»  l^^l^  solver  since 

the  coefficient  in  front  of  smaller  for  the  USD  solver  than  the  Gaussian  elimination  for  the 

MOM  approach. 

III.  Dense  Iterative  Solver  Approach 

Advanced  dense  iterative  solvers  such  as  INTEL’S  Turbo  Solver  and  Elegant  Mathematic’s  LRA- 
CDENSE  scale  like  the  rank  of  the  matrix  to  a  power  p  where  p<2.  After  descretization  the  moment 
equation  at  the  mouth  of  the  duct  has  the  form 

AEs  +  BHs  =  S  (13) 
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where  A  and  B  are  dense  square  matrices  and  S  is  a  source  term  constmcted  from  the  incident  field.  If 
(3)  were  substituted  into  (13)  and  the  system  was  solved  using  LUD  then  the  operation  count  would  be 
as  follows.  The  total  number  of  unknowns  is  The  substitution  of  (3)  into  (13)  would  be 

o(N^do)-  substitution  into  (13)  we  would  have  a  square  system  of  rank  2Ngdg  LUD 

solution  would  require  O^Ngda)  operations. 

If  instead  (3)  and  (13)  were  solved  simultaneously  without  substituting  (3)  into  (13),  and  a  dense 
iterative  solver  having  an  operation  count  corresponding  to  the  square  of  the  rank  of  the  dense  system, 

then  the  final  operation  count  would  be  o(Nedg)> 

The  constants  associated  with  these  order  arguments  are  complicated  to  obtain.  The  key  question  is 
when  will  the  computer  time  be  less  than  that  for  LUD.  On  a  two  processor  CRAY  C90  at  the  cross 
over  is  at  approximately  15,000  unknowns.  We  expect  the  Turbo  Solver  will  cross  over  a  useful  small 
number. 

rv.  Connection  Procedure 

The  connection  procedure  was  introduced  by  Wang  and  Ling'  for  a  pure  integral  equation  approach.  The 
hybrid  finite  element  integral  equation  approach  to  the  connection  procedure  was  introduced  by  us-.  The 
idea  is  that  the  duct  is  divided  into  sections  and  selected  quantities  are  computed  for  each  section.  The 
section  specific  quantities  are  then  connected  to  compute  the  RCS  of  the  entire  duct. 

If  the  connection  procedure  is  applied  to  the  USD  solver,  ±e  number  of  arithmetic  operations  can  be 
reduced.  Assuming  for  the  same  duct  geometry  mentioned  before  and  the  connection  procedure  is 
applied  10  times.  Each  segment  of  the  connection  procedure  requires  the  inversion  of  a  sparse  matrix  of 
3*10^  rank.  The  number  of  operations  to  factor  this  matrix  is 

3 

-6000* (3*106)2  =3*10^^  (14) 

The  solve  time  increases  since  the  number  of  right-hand  sides  is  4*Ng<jg.  The  total  solve  time  per 
connection  procedure  is 


=  680*3*10^*4*  lO'^  =  8*10^^  (15) 

In  addition,  there  are  additional  operations  due  to  the  CR  matrix  substitution.  The  number  of  operations 
per  substitution  is 


=  (2*l04f  =  8*10^2  (16) 

The  total  number  of  operations  per  cormection  scheme  is  approximately  1 .2  *  10^ Since  the  connection 
procedure  has  to  be  applied  10  times,  the  total  connection  procedure  is  only  a  little  faster  than  the  one- 
step  procedure  which  requires  1.4  *  10^^  operations.  It  is  conceivable  however,  that  as  the  problem  size 
gets  bigger,  the  connection  procedure  will  be  faster  than  the  one-step  procedure.  If  the  same  connection 
procedure  is  applied  to  the  pure  MOM  formulation,  the  number  of  unknowns  per  connection  procedure 
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1  3 

is  1,2  *  10^ .  The  number  of  operations  to  factor  the  matrix  is  =  -  *  (l.2*10^)  =  5.76  *  10^^. 

The  number  of  operations  to  solve  the  matrix  with  40,000  right-hand  sides  is 

js^MOM  =  (i.2*105f  *40000  =  5.76 ’*'10^'^  (17) 

The  CR  matrix  substimtion  requires  (2*10^)^  =  8*10^2  substitutions.  The  total  number  of  operations 
per  connection  scheme  is  =  1-16  ♦  10^^  Since  the  connection  scheme  wUl  be  applied  10  times, 

the  total  of  operations  is  *  1.16>^10^^  which  is  still  a  factor  of  almost  10  slower  than  the  USD  solver. 

The  above  comparisons  are  based  on  a  metallic  duct.  For  a  RAM  coated  duct  the  number  of  operations 
based  on  SWITCH  and  the  USD  solver  remains  the  same  whereas  the  number  of  operations  for  the 
MOM  approach  will  increase  rapidly. 
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INTRODUCTION 

In  order  to  determine  accurately  the  radar  cross  section  (RCS)  of  a  modem  high  performance 
aircraft  or  the  electromagnetic  performance  of  antennas  mounted  on  complex  platforms,  computational 
dectromagnetics  (CEM)  tools  of  exceptional  capability  and  speed  are  required.  To  obtain  the 
computational  accuracy  for  such  CEM  problems  necessitates  using  a  detailed  geometry  (usually  CAD 
based)  of  the  platform  and/or  antennas  together  with  those  equations  and  solvers  which  capture  all  the 
relevant  phyacs  and  permit  the  timely  determination  of  the  CEM  solution.  CEM  simulations 
computable  in  reasonable  times  require  not  only  fast  solution  algorithms  but  also  high  performance 
workstations  and,  increasingly,  massively  parallel  computing  platforms.  These  requirements,  taken 
together,  have  made  CEM  code  validation  much  more  difiScult.  Errors  in  system  geometry,  CEM 
equations  or  computational  algorithms  can  be  strongly  dependent  on  each  other  and  hard  to  determine. 
The  situation  is  complicated  further  due  to  the  complexity  of  CEM  codes  designed  to  treat  real  world 
problems.  Such  problems  require  large  hybrid  CEM  codes  that  combine  several  CEM  techniques. 
Validation  of  such  codes  is  extremely  difficult  because  the  locations  of  errors  in  the  code  are  extremely 
difficult  to  determine.  These  difficulties  increase  as  CEM  codes  are  modified  periodically  over  their 
lifecycle  and  the  algorithms  upgraded.  Such  errors  may  not  be  under  the  control  of  or  even  known  by 
the  analyst. 

During  the  past  two  years  Rome  Laboratory,  Rome  NY,  has  constructed  a  unique  all  metal  test 
article,  the  Transformable  Scale  Aircraft-Like  Model  (TSAM)  to  obtain  measured  antenna  pattern  and 
isolation  data  to  support  the  validation  of  large  complex  CEM  codes.  TSAM  is  a  1/20  scale  model  of  a 
wide-bodied  aircraft  with  simplified  platform  geometry  on  which  are  mounted  six  monopole  antennas. 
The  uniqueness  of  TSAM  is  in  its  changeable  configuration  and  use  of  geometrically  simple  modular 
components.-  AH  components  and  antennas  are  removable  allowing  TSAM  complexity  to  be  modified 
incrementally.  As  platform  complexity  changes,  computed  results  should  track  the  measured  results. 
The  canonical  component  geometry  (fiat  plates  and  elliptic/circular  cylinders)  minimizes  geometry 
modeling  error.  Differences  between  measurement  and  simulation  then  are  due  to  algorithm  errors 
once  measurement  error  is  taken  into  account.  Validation  of  algorithms  within  complex  CEM  codes 
using  measurements  on  a  variety  of  platform  configurations  allows  the  measurements  to  target  errors  in 
the  CEM  code  more  precisely. 
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This  paper  will  report  and  discuss  a  series  of  validation  measurements  made  on  TSAM  at  Rome 
Laboratory  in  the  4-8  GHz.  range  involving  seven  different  TSAM  configurations.  The  measurements 
are  being  used  to  perform  validation  studies  using  the  Rome  Laboratory  CEM  program  GEMACS 
(General  Electromagnetic  Model  for  the  Analysis  of  Complex  Systems)  [1]  as  a  testbed.  Several  deeply 
buried  problems  have  been  identified  in  GEMACS  using  TSAM  data  and  a  set  of  code  fixes  were 
developed.  Two  validation  studies  using  selected  TSAM  measurements  to  validate  parts  of  GEMACS 
will  be  discussed  as  examples  of  more  precise  uses  of  measurements  in  CEM  code  validation. 

TRANSFORMABLE  SCALE  AIRCRAFT-LIKE  MODEL  (TSAM) 

The  Transformable  Scale  Aircraft-Like  Model  (TSAM)  is  a  novel  test  article  of  variable 
configuration  designed  and  constructed  by  Rome  Laboratory,  Rome  NY  for  validating  modem  complex 
CEM  codes.  The  TSAM  design  was  chosen  to  represent  approximately  a  1/20  scale  model  wide  bodied 
aircraft  having  a  simplified  structural  geometry  composed  of  canonical  shapes.  The  fiill-up  TSAM 
together  with  the  disassembled  component  parts  are  shown  below  in  Figure  1.  The  fuselage  and  engine 
nacelles  are  capped  cylinders  while  the  wings,  stabilizers  and  pylons  are  flat  plates.  The  reason  for 
choosing  the  TSAM  structural  geometry  simplicity  is  that  it  is  meant  to  be  a  duplicate  in  both  form  and 
substance  of  the  model  in  the  CEM  computer  code.  Code  validation  using  TSAM  measurements  can 
then  focus  on  the  CEM  algorithms  since  the  geometry  error  is  insigmficant.  A  unique  feature  of  TSAM 
is  that  the  structural  configuration  is  “transformable”  by  which  is  meant  that  major  structural 
components  can  be  removed  or  replaced  at  will.  By  correlating  changes  in  the  EM  fields  that  couple 
between  TSAM  antennas  or  that  are  radiated  or  scattered  fi-ora  TSAM  with  the  changes  in  TSAM 
configuration,  the  effects  of  structural  complexity  can  be  assessed  and  CEM  code  validation  becomes 
more  thorough  and  focused.  If  the  computed  EM  properties  do  not  track  the  measured  properties  as 
the  TSAM  configuration  is  changed,  there  are  errors  likely  located  within  the  CEM  code  modules 
associated  with  the  configuration  changes. 


Figure  1.  TSAM  Assembled  and  with  Removable  Components 

The  TSAM  structure  is  excited  by  six  thin  wire  monopole  antennas  located  at  various  points  on 
the  fuselage.  A  set  of  principal  plane  antenna  patterns  were  measured  for  each  monopole  for  seven 
different  TSAM  configurations  in  the  4-8  GHz  fi-equency  range.  In  addition  antenna-to-antenna 
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coupling  data  was  measured  for  all  antenna  pairs  for  the  same  set  of  TSAM  configurations  over  the 
same  fi'equency  range.  Because  of  the  thin  wire  nature  of  the  antennas  and  their  small  physical  size  (15 
mm.  long),  the  antenna  locations  on  TSAM  only  are  shown  schematically  below  m  Figure  2. 


Figure  2.  Monopole  Antenna  Locations  on  TSAM 


All  antenna  radiation  patterns  and  antenna-to-antenna  coupling  measurements  were  performed 
in  the  large  anechoic  chamber  located  in  the  Rome  Laboratory  Electromagnetic  Environmental  Effects 
Research  Center.  These  data  have  been  finalized  and  a  final  report  detailing  the  complete  TSAM 
measurement  program  and  listing  all  measured  antenna  pattern  and  isolation  data  is  in  final  preparation 
[2].  A  new  in-house  program  is  currently  underway  at  Rome  Laboratory  to  begin  using  these  data  to 
perform  validation  studies  on  the  Rome  Laboratory  GEMACS  hybrid  CEM  code. 

GEMACS 

f 

In  this  section  a  brief  overview  is  given  of  those  features  and  characteristics  of  GEMACS  that 
are  pertinent  to  validation  studies  using  TSAM  measured  data.  GEMACS  is  a  fi’equency  dommn  CEM 
code  that  uses  the  Method  of  Moments  (MoM)  and  GTDAJTD  high  frequency  asymptotic  methods  to 
analyze  external  EM  problems,  such  as  antenna-to-antenna  coupling  and  the  radiated  or  scattered  fields 
from  a  complex  platform,  and  uses  finite  difference  techniques  to  analyze  internal  problems  such  as 
fields  inside  an  enclosure  and  extemal-to-intemal  coupling.  A  hybrid  solution  is  rigorously  formulated 
in  terms  of  admittance  matrices  characterizing  ^1  apertures  in  the  platform  through  which 
electromagnetic  energy  can  couple.  All  apertures  are  specified  within  the  GEMACS  code  and  their 
aperture  admittances  computed  to  permit  a  simultaneous  solution  of  the  external  and  internal  problems 
simultaneously. 

The  current  version  of  GEMACS  runs  to  nearly  lOOK  lines  of  code  and  includes  graphics 
support  as  well  as  a  graphical  user  interface  (GUI)  to  facilitate  platform  and  data  input  as  well  as 
display  of  the  computed  results.  GEMACS  has  evolved  over  nearly  25  years  and  has  been  modified  and 
upgraded  many  times.  Validation  studies  have  been  performed  on  GEMACS  using  both  measurements 
and  computed  results  from  other  CEM  codes  but  always  for  GEMACS  considered  as  a  single  module. 
When  disagreements  between  measurements  and  computation  have  arisen,  it  usually  has  been  possible 
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to  find  the  errors  which  manifest  themselves  in  an  obvious  way.  However,  determmmg  the  ongms  of 
errors  in  GEMACS  that  give  rise  to  “smaller”  disagreements  between  computed  and  measured  data  has 
proved  to  be  elusive.  For  these  reasons  GEMACS  was  deemed  to  be  a  good  candidate  CEM  code  to 
initiate  validation  tests  using  the  ISAM  data.  An  additional  benefit  is  that  GEMACS  represents  the 
surface  geometry  of  the  platform  in  terms  of  a  set  of  cyUnders  and  infinitely  thin  plates  that  are  jomed 
together  to  form  an  approximate  platform  computer  model.  Since  the  TSAM  geometry  is  configured 
using  a  set  of  thin  plates  and  cylinders  for  simplicity,  the  geometry  modeling  error  is  minimal  between 
TSAM  and  the  GEh^CS  computer  model. 


VALIDATION  TEST  CASES  FOR  GEMACS  USING  TSAM  DATA 

Two  validation  test  cases  wUl  be  described  in  this  section  as  examples  of  how  TSAM  measured 
data  can  be  used  to  pinpoint  subtle  problems  in  CEM  codes  that  probably  would  not  be  found  by  the 
usual  validation  methods.  During  the  construction  of  TSAM,  some  of  the  antennas  inadvertently  were 
mounted  sUghtly  off  of  the  center  line  of  the  TSAM  fuselage  (butt  Une  =  0).  Although  viewed  imtially 
as  a  problem,  it  was  realized  that  this  asymmetrical  mounting  of  the  TSAM  antennas  was  an  advantage 
since  it  would  break  the  antenna  symmetry  of  the  problem  slightly.  When  the  GEMACS  simulations 
were  run  with  the  above-mentioned  antenna  asymmetry  present  in  the  GEMACS  data,  it  was  found  that 
GEMACS  would  assume  that  the  bottom  MoM  wire  segment  of  each  off-center  anterma  was  not 
connected  to  the  GEMACS  eUiptic  cylinder  fuselage.  This  result  was  contrary  to  the  GEMACS 
documentation  and  previous  experience.  The  only  way  to  ensure  attachment  was  to  place  the^ 
segments  along  the  one  of  the  elliptic  axes.  The  cause  of  this  error  was  identified  in  the  GEMACS  code 
and  corrected  allowing  wire  segments  to  attach  to  arbitrary  locations  on  cylinders  as  intended. 


’SO 

<60 

; — ^ 

-70 

. 

1  '  —  Pre-correction  \ 

M  -80 

U.100 

j  "  Post-correction  J 

-110 

¥  Ia A 

-120 

u 

00  4500  5000  5500  6000  6500  7000  7500  8000 
F»qu8ncy(MrtJ 

Figure  3.  Couplingof  Antenna  4  to  Antenna  3  Before  and 
After  Blockage  Correction  (Configuration  2) 


Several  antenna  isolation  studies  were  performed  using  GEMACS  computed  anterma-to- 
antenna  coupling  data.  During  the  studies,  it  was  noted  that  the  coupling  between  TSAM  antenna  3 
(top  center)  and  antenna  4  (bottom  center)  was  identical  for  both  configuration  1  (antennas  wi^ 
fuselage  only)  and  configuration  2  (antennas  and  fuselage  with  wings).  These  results  were  clearly  in 
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error  since  the  presence  of  the  wings  in  configuration  2  should  have  created  a  blockage  for  the  creeping 
wave.  Upon  investigation,  it  was  discovered  that,  while  GEMACS  recognized  the  wings  as  being 
attached  geometrically  to  the  fuselage,  GEMACS  was  not  recognizing  the  wing  plates  as  being  a 
blockage  to  creeping  waves.  The  results  of  this  correction  are  shown  above  in  Figure  3  and  show  a 
significant  drop  in  coupling  as  expected. 


Figure  4.  Antenna  3  to  Antenna  4  coupling:  GEMACS  v& 


TSAM  Measurements  (Configuration  7) 


Simulation 

Measurement 


As  a  demonstration  of  these  corrections  and  of  a  recently  completed  parallel  processing  version 
of  GEMACS  [3],  a  computation  of  the  antenna-to-antenna  coupling  between  antenna  3  and  antenna  4 
for  configuration  7  (full  configuration)  was  performed  using  the  Rome  Laboratoiy  Intel  Paragon.  This 
computation  utilized  both  the  GTD/UTD  and  MoM  modules  of  GEMACS,  however,  at  this  time  only 
the  GTD  module  had  been  parallelized.  Using  128  nodes  of  the  Paragon  to  compute  80  jfrequencies  for 
each  of  the  5  receive  antennas  required  10  hours.  The  same  simulation  on  a  Sun  SPARC  2  would  have 
required  48  days.  The  simulation  results  are  compared  with  measurements  in  Figure  3  and  show 
generally  good  agreement. 


CONCLUSION  AND  DISCUSSION 


This  paper  has  described  the  use  of  measured  data  fi-om  the  TSAM  test  article  at  Rome 
Laboratory  to  perform  initial  validation  studies  using  the  Rome  laboratory  CEM  code  GEMACS  as  part 
of  a  recently  initiated  in-house  validation  program.  Two  initial  validation  studies  on  GEMACS  were 
described  concerning  antenna  placement  with  respect  to  the  center  line  of  the  GEMACS  model  of 
TSAM  and  the  antenna-to-antenna  coupling  algorithms  within  the  code.  These  two  validation  studies 
uncovered  two  subtle  problems  within  GEMACS.  The  first  problem  was  that  all  antennas  mounted  on 
the  GEMACS  geometry  model  were  treated  in  the  code  as  being  unattached  if  they  were  mounted 
asymmetrically  with  respect  to  the  platform  axis  despite  the  intent  of  the  code  and  the  statements  in  the 
code  documentation.  This  problem  probably  originated  as  a  result  of  code  modification  over  the  years. 
In  the  second  problem  the  antenna-to-antenna  coupling  algorithm  in  GEMACS  did  not  recognize  the 
platform  wings  as  being  attached  to  the  cylindrical  fuselage  despite  the  fact  that  in  the  geometric  model 
the  wings  were  recognized  as  being  attached.  The  effect  manifested  itself  by  allowing  the  creeping 
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wave  between  antennas  to  couple  even  though  the  wings  would  block  the  wave.  The  problem  in  the 
code  was  located,  although  deeply  buried,  and  fixed.  It  is  to  be  emphasized  that  the  companson  of 
computed  GEMACS  results  to  measured  ISAM  data  was  key  in  identifying  the  code  bugs  m  a  timely 
manner  More  extensive  validation  studies  of  GEMACS  are  now  in  progress  and  fiimre  plans  envision 
performing  similar  studies  on  the  Finite  Element/APATCH  hybrid  code  recently  developed  under  a 
continuing  Rome  Laboratory  contract  [4].  In  addition  additional  measurements  on  TSAM  are  planned 
and  a  new  generation  TSAM  test  article  is  being  designed  for  future  construction. 


REFERENCES 

1.  E.  L.  Coffey  III  and  D.  L.  Kadlee,  General  Electromagnetic  Model  for  the  Analysis  of  Complex 
Systems  (GEMACS),  Version  5.0,  Advanced  Electromagnetics,  RADC-TR-90-360,  Volumes  I, 
n,  m,  December  1990. 

2.  Tran^ormable  Scale  Aircrqft-Uke  Model  (TSAM)  Antenna  Measurement  Program, 
RL/ERS-96-027,  Volumes  1-3,  Rome  Research  Corporation,  in  Preparation. 

3.  Developed  by  the  Ultra  Corporation  under  RL  SBIR  phase  n  contract  F30602-95-C-0221. 

4.  Developed  by  Mission  Research  Corporation,  DEMACO  Corporation  and  the  Umversity  of 
Michigan  under  RL  SBIR  phase  U  contract  F30602-93-C-0036. 


747 


A  Combination  of  Current-  and  Ray-Based  Techniques 
for  the  Efficient  Analysis  of  Electrically  Large 
Scattering  Problems 

U.  Jakobus  and  F.  M.  Landstorfer 

Institut  fiir  Hochfrequenztechnik,  University  of  Stuttgart, 

Pfaffemvaldring  47.  D-70550  Stuttgart.  Germany 


Abstract 

We  extend  the  current-based  method  of  moments/physical  optics  hybrid  method  by  the  ray-based 
diffraction  theory  (UTD).  In  this  paper  emphasis  is  placed  on  the  general  methodology’  of  the  new 
hybrid  formulation  as  well  as  on  some  details  concerning  the  coupling  between  the  different  regions. 
Special  care  is  taken  when  electromagnetic  sources  are  located  close  to  the  UTD-region  or  even 
directly  on  its  surface.  An  example  is  given  which  shows  the  accuracy  of  the  hybrid  approach  and 
the  achievable  reduction  in  memory^  and  computation  time. 


1  Introduction 

Problems  concerning  radiation  and  scattering  with  perfectly  conducting  bodies  are  frequently- 
analyzed  by  the  method  of  moments  (MoM).  This  method  is  a  current-based  technique,  since  in 
the  first  step  the  unknown  currents  are  solved  for.  and  only  in  the  second  step  the  electromagnetic 
fields  are  computed.  For  high  frequency  problems,  however,  the  MoM  suffers  from  the  fact  that 
its  memory  requirement  grows  proportional  to  (/  is  the  frequency)  and,  depending  on  the 
algorithm  used  to  solve  the  system  of  linear  equations,  the  CPU  time  is  proportional  to 

The  authors  of  this  contribution  have  already  proposed  a  current-based  hybrid  method  combining 
the  MoM  with  Physical  Optics  (PO)  [1,  2]  or  other  asymptotic  current  representations  [3,  4],  e.g. 
Fock  currents.  In  the  asymptotic  limit,  both  memory  and  CPU  time  of  this  hybrid  method 
show  a  p  dependency,  which  represents  a  major  computational  advantage  as  compared  to  the 
conventional  MoM. 

However,  for  very  large  geometries  (in  terms  of  wavelengths),  this  dependency  proportional  to  p 
may  still  be  too  high.  In  this  case  a  combination  of  the  current-based  MoM/PO  with  ray^-based 
techniques  such  as  UTD  (uniform  theory  of  diffraction)  might  be  a  possible  solution,  since  for  the 
UTD  formulation  memory  and  CPU  time  requirement  are  essentially  frequency  independent,  i.e. 
proportional  to  /°. 
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Combinations  of  the  MoM  with  diffraction  theory  have  already  been  presented  by  several  authors 
(e.g.  Refs.  [5,  6,  7,  8)),  and  an  implementation  is  also  available  with  the  computer  code  GEM  ACS 
[9].  The  advantage  of  our  proposal  is.  however,  that  we  plan  to  use  not  only  MoM/UTD  but  also 
asymptotic  currents  (e.g.  PO,  Fock),  thus  yielding  a  far  more  flexible  computational  tool  as  will 
be  described  in  Section  2. 

Since  the  PO/MoM  hybrid  method  has  already  been  presented  in  detail  in  the  literature  (e.g. 
Ref.  [1]),  this  paper  concentrates  on  the  extension  by  the  UTD.  Some  of  the  details  concerning  the 
addition  of  the  UTD  to  the  already  existing  PO/MoM  hybrid  approach  are  outlined  in  Section  3. 


2  Description  of  the  hybrid  method  combining  MoM,  PO 
and  UTD 


An  example  for  a  general,  three-dimensional  scattering  body  consisting  of  perfectly  conducting 
metallic  surfaces  and  wires  is  depicted  in  Fig.  1.  This  model  of  a  mobile  communications  antenna 
radiating  in  the  GHz  range  and  mounted  on  top  of  a  car  shall  serve  as  an  example  to  explain  the 
general  methodolog\’^  of  the  proposed  hybrid  method. 

We  have  defined  several  regions  in  Fig.  1.  The  electric  line  current  I  along  the  wire  antenna 
is  calculated  by  the  MoM  since  no  asymptotic  high  frequency  expressions  exist  for  currents  on 
electrically  thin  wires.  Hence,  this  line  current  is  denoted  as  . 

If  one  is  interested  in  accurate  values  of  the  input  impedance  of  the  antenna,  it  is  usually  necessary 
to  model  the  area  close  to  the  feeding  zone  of  the  antenna  also  very  accurately,  i.e.  this  region 
should  also  be  treated  by  the  MoM.  In  our  example  in  Fig.  1  the  dark  area  around  the  antenna 
base  with  the  surface  current  density  also  represents  part  of  the  MoM-region. 
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The  line  labeled  “boundary”  in  Fig.  1  separates  this  MoM-region  from  the  remaining  surface  of 
the  roof  of  the  car.  As  mentioned  in  the  introduction,  we  have  already  implemented  a  hybrid 
method  combining  the  MoM  with  asymptotic  current  expressions  such  as  PO  or  Fock  currents. 
The  advantage  of  such  a  current-based  approximation  is.  that  a  continuous  current  flow  can  be 
modeled  across  the  boundary,  see  for  instance  Fig.  2  in  Ref.  [10].  Therefore  we  suggest  to  use  the 
PO  approximation  for  the  remaining  part  of  the  roof,  possibly  with  correction  terms  based 
on  fringe  currents  to  take  the  effect  of  the  edges  into  account  [1]. 

The  extension  of  the  already  existing  MoM/PO  hybrid  method  by  the  UTD  is  proposed  in  this 
paper  for  electrically  large  scatterers.  The  main  reason  for  this  is  the  CPU-time  dependency,  see 
the  discussion  in  the  introduction.  Therefore  all  remaining  surfaces  of  the  car  (e.g.  hood,  fenders 
and  trunk)  are  assigned  to  the  UTD-region.  We  now  have  to  take  effects  such  as  reflection,  edge 
and  corner  diffraction  into  account,  where  the  sources  are  current  elements  radiating  in  the  AIoM- 
or  PO-region.  Some  of  the  resulting  rays  are  depicted  in  Fig.  1  for  illustration. 

In  the  remaining  part  of  the  paper,  we  will  concentrate  on  the  implementation  of  the  coupling 
between  the  MoM-  and  the  UTD-region.  The  coupling  between  the  PO-  and  the  UTD-region 
has  not  been  implemented  yet.  We  do  not  expect  any  difficulties  for  a  geometry*  as  shown  in  Fig.  1 
where  there  is  no  direct  boundary  between  these  two  regions.  However,  it  remains  a  challenging 
task  to  solve  the  problem  when  the  current-based  PO  and  the  ray-based  UTD  shall  be  applied 
to  two  adjacent  regions  with  a  common  boundary. 


3  Implementation  of  the  coupling  between  MoM  and  UTD 

The  hybrid  method  has  been  implemented  in  such  a  way  that  the  coupling  between  the  UTD- 
and  the  MoM-region  is  fully  taken  into  account,  i.e.  the  currents  in  the  MoM-region  will  change 
when  for  instance  the  position  of  some  structures  in  the  UTD-region  is  modified. 

In  the  MoM-region  we  may  have  metallic  wires  and  surfaces.  The  wires  are  subdivided  into 
electrically  small  wire  segments  and  we  use  triangular  basis  functions  for  the  line  current 
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Metallic  surfaces  are  subdivided  into  triangular  patches  and  the  vectorial  rooftop  basis  functions 
^  according  to  Rao,  Wilton  and  Glisson  [11]  are  applied.  In  Fig.  2  we  havejymbolically  depicted 
two  adjacent  triangular  patches  in  the  MoM-region  and  the  basis  function  defined  on  these  tvo 
triangles.  If  we  now  want  to  calculate  the  electromagnetic  field  strength  radiated  by  this  basis 
function  in  free  space  (i.e.  no  UTD-region  present)  at  an  arbitrary  observation  point  r,  then  we 
apply  the  usual  equations,  e.g.  for  the  electric  field  strength 


Eif)  =  £  {/„}  (F)  =  (V:.  •  h(f'))  ■ 


p-j3\f-f': 


dA'. 


(1) 


The  surface  of  the  two  triangles  represents  the  domain  of  integration  A',  and  5  -  ^  denotes  the 
wavenumber.  As  an  abbreviation  w'e  have  introduced  the  operator  notation  £  |/*ti|  (F)  which 
shall  in  the  following  always  represent  the  electric  field  strength  at  the  location  f  radiated  by  the 
basis  function  fn  and  calculated  by  means  of  the  exact  relation  (1)  in  free  space. 

If  we  now  face  a  situation  as  depicted  in  Fig.  2  where  the  basis  function  /„  radiates  in  the  presence 
of  other  structures  representing  the  UTD-region.  then  the  total  field  strength  at  the  observation 
point  r  is  the  superposition  of  different  ray  contributions.  We  consider  direct,  reflected,  edge 
and  corner  diffracted  rays  (UTD  according  to  Refs.  [12,  13])  as  well  as  multiple  reflections  or 
combinations  of  multiple  reflections  and  diffractions.  But  currently  we  do  not  take  creeping  waves 
on  curved  surfaces  into  account,  therefore  the  formulation  is  limited  to  geometries  in  the  UTD- 
region  composed  of  fiat  polygonal  plates  or  wedges. 

The  total  electric  field  strength  at  the  observation  point  r  in  Fig.  2  is  given  by 

£(r)  =  £•£  {/„}(F)  +  (2) 


The  first  term  corresponds  to  the  direct  ray.  i.e.  we  calculate  the  scattered  field  with  the  exact 
equation  (1).  but  we  have  to  introduce  a  coefficient  S  in  order  to  account  for  shadowing  effects 
of  the  direct  ray  with  <5  being  zero  or  one.  The  second  term  represents  the  sum  of  all  the 

other  ray  contributions  mentioned  above. 

Expression  (2)  for  the  total  field  is  used  not  only  when  we  calculate  the  radiated  near-  and  far- 
fields.  but  also  when  constraining  the  boundary  condition  Etan  =  0  on  the  perfectly  conducting 
surfaces  in  the  MoM-region  leading  to  an  integral  equation,  so  that  the  coupling  between  the 
MoM-  and  UTD-region  is  considered  when  the  currents  in  the  MoM-region  are  solved  for. 

Since  in  some  cases  the  basis  function  fn  in  the  MoM-region  might  be  quite  close  in  space  to  the 
UTD-region,  the  classical  reflection  of  a  spherical  wavefront  at  a  fiat  plate  based  on  Geometrical 
Optics  (GO)  given  by 

)  =  £  {/„}  (r- )  ■  ^  ^  (3) 

must  be  replaced  by  the  mirror  principle.  In  eqn.  (3)  fr  denotes  the  reflection  point  on  the 
reflecting  surface,  see  Fig.  2.  R  is  the  dyadic  reflection  coefficient  and  the  two  distances  o  and  r 
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are  defined  according  to  Fig.  2.  In  the  near-field  of  the  radiating  basis  function  we  also  have 
higher  order  terms  present  which  decay  proportional  to  (r  +  g)~-  or  (r  +  i.e.  faster  than  the 
factor  (r  +  in  eqn.  (3)  allows. 

Therefore,  we  have  replaced  the  classical  GO  reflection  according  to  eqn.  (3)  by  the  mirror  principle 

Er^(f)  =  (2  fin  -  f )  .  £  {/ „}  (f“)  (4) 

with  the  unit  dyad  I  and  the  mirrored  observation  point  f*  =  f  —  2  •  [n  ■  (f  —  fv)j  •  n.  The  unit 
v^ector  fi  denotes  the  surface  normal  see  Fig.  2.  As  opposed  to  eqn.  (3).  where  the  scattered  field 
^  computed  wdth  the  aid  of  eqn.  (1)  at  the  reflection  point  fv,  i.e.  at  a  distance 

Q  to  the  source,  in  eqn.  (4)  we  now  compute  the  field  at  f*  with  the  correct  distance  g+r,  so  that 
the  higher  order  terms  are  accurately  taken  into  account. 

In  eqn.  (4)  the  field  strength  radiated  by  the  basis  function  is  required  at  location  r*.  For  the 
diffraction  we  require  the  field  at  the  diffraction  points  fg  or  fg.  respectively,  see  Fig.  2.  It  should 
be  noted,  that  in  each  of  these  cases  we  calculate  the  field  strength  in  an  exact  manner  directly 
with  eqn.  (1),  i.e.  we  avoid  the  introduction  of  equivalent  point  sources  as  is  done  for  instance  in 
Ref.  [8].  Only  for  ray-tracing  purposes  we  do  assume  that  the  basis  function  behaves  like  a 
point  source  located  at  the  center  of  the  edge  between  the  two  triangles. 

The  example  given  below  in  Section  4  demonstrates,  that  the  replacement  of  eqn.  (3)  by  eqn.  (4) 
is  an  absolute  necessity  when  the  basis  function  in  the  MoM-region  is  close  to  the  UTD-region. 
Only  one  drawback  results  from  this  replacement:  At  the  reflection  shadow  boundary  the  GO  field 
has  a  discontinuity,  which  is  removed  by  the  edge  diffracted  contribution.  This  is  only  exact  for 
the  classical  GO  (3),  however  if  we  use  eqn.  (4)  instead,  there  remains  a  very  small  discontinuity, 
which  is,  however,  tolerable  in  most  cases,  see  the  example  below. 

For  quite  a  number  of  geometrical  structures  it  is  trian^nilar  basi<; 
necessary  to  model  wure  elements  which  are  attached  function  o 
to  surfaces.  One  possibility  with  a  MoM-region 
around  the  antenna  base  has  alread}'  been  suggested 
in  Fig.  1.  But  it  is  also  possible  to  attach  the  wire 
antenna,  w'hich  is  always  part  of  the  MoM-region, 
directly  to  the  UTD-region  as  indicated  in  Fig.  3. 

In  this  case  the  distance  between  MoM-  and  UTD- 
region  is  even  zero,  but  due  to  the  modified  treat¬ 
ment  of  reflections  by  the  mirror  principle  in  eqn.  (4) 
this  does  not  pose  any  problem  as  long  as  there  re¬ 
mains  a  certain  distance  to  the  edges  of  the  plate  Attachment  of  a  wire  to  a  surface, 

(diffraction).  The  only  modification  necessary  is  the  following:  Metallic  wires  are  subdivided  into 
electrically  small  segments  and  we  apply  overlapping  triangular  basis  functions  along  the  wire 
surface.  These  basis  functions  always  force  the  current  to  be  zero  at  the  wire  ends.  Hence  we 
have  to  introduce  a  new  basis  function  at  the  attachment  point,  which  is  simply  defined  as  half 
of  a  regular  basis  function  g^,  see  the  dark  shaded  triangle  depicted  at  the  lower  antenna  end  in 
Fig.  3. 
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4  Example 


Fig.  4;  ^-dipole  antenna  located  in  front  of  a  re¬ 
flecting  plate. 


A  simple  example  is  depicted  in  Fig.  4.  A 
dipole  antenna  is  located  at  a  distance  d  in  front 
of  a  square  reflecting  plate  with  a  side  length  of 
2A.  This  example  demonstrates  the  application  of 
the  hybrid  method,  where  the  current  along  the 
wire  antenna  is  calculated  by  means  of  the  MoM. 
and  the  influence  of  the  square  plate  is  accounted 
for  by  PO  or  UTD.  For  the  purpose  of  compari¬ 
son,  a  calculation  based  on  an  application  of  the 
MoM  alone  has  also  been  carried  out  (reference 
solution). 

Fig.  5  shows  the  variation  of  the  real  and  imagi¬ 
nary  part,  respectively,  of  the  input  impedance  Z 
of  the  dipole  antenna  as  a  function  of  its  normal¬ 
ized  distance  j  to  the  reflecting  plate.  The  solid 
line  represents  the  reference  solution  based  on  an 
application  of  the  conventional  MoM  to  the  en¬ 
tire  structure,  i.e.  dipole  antenna  and  plate.  The 
dashed  curve  is  the  result  of  the  MoAl/PO  hybrid 


method,  and  the  dotted  and  dash-dotted  lines  depict  the  impedance  resulting  from  the  MoM/UTD 
hybrid  formulation  with  the  reflection  treated  by  eqns.  (3)  and  (4).  respectively.  It  is  obvious  that 
for  distances  of  about  d  <  0.5A  the  application  of  the  classical  GO  according  to  eqn.  (3)  leads  to 
quite  inaccurate  results  (dotted  curve),  while  the  other  three  methods  are  in  excellent  agreement 
even  for  verv  small  distances  d. 


The  horizontal  radiation  pattern  for  a  distance  of  d  =  |A  is  depicted  in  Fig.  6.  Again  we  can 
observe  an  excellent  agreement  between  the  results  of  the  two  hybrid  methods  and  the  reference 
solution. 


The  MoM/UTD  hybrid  solution  in  Fig.  6  is 
based  on  eqn.  (4).  It  has  already  been  men¬ 
tioned  in  Section  3  that  replacing  eqn.  (3) 
by  eqn.  (4)  leads  to  small  discontinuities  at 
the  reflection  shadow  boundaries.  Here  for 
this  example  the  reflection  shadow  bound¬ 
aries  can  be  found  at  !^  =  216.9°  and  95  = 
323.1°.  These  locations  are  indicated  in 
Fig.  6  by  two  small  circles,  but  the  dis¬ 
continuities  of  the  dash-dotted  curve  are 
so  small  that  they  are  hardly  visible. 


convent. 

hybrid 

hybrid 

MoM  i 

MoM/PO 

MoM/UTD 

memor\'  (KByte) 

2604 

585 

15 

CPU-time  (sec) 

79 

47 

19 

TABLE  1;  Memory  and  CPU-time  for  the  example  of  a 
dipole  antenna  in  front  of  a  reflecting  plate. 


Table  1  compares  memory  requirement  and  CPU  time  on  a  PC  for  the  three  formulations.  The 
superiority  of  the  two  proposed  hybrid  approaches  becomes  obvious,  even  for  this  example  with  a 
relatively  small  (in  terms  of  wavelength)  scatterer. 
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impedance  7,  in  Si 


normali2ed  distance  j 

5:  Input  impedance  Z  of  the  dipole  antenna  in  front  of  a  square  plate  as  a  function  of  the  normalized 
distance  j. 


Fig.  6:  Horizontal  radiation  pattern  in  the  plane  =  90“^  for  a  distance  d  —  |A. 


5  Conclusions 

We  have  presented  the  idea  of  a  hybrid  method  combining  MoM.  PO  and  UTD.  Even  though  the 
coupling  between  PO  und  UTD  has  not  been  implemented  yet.  the  MoM/PO  and  MoM/UTD 
combinations  already  result  in  very  useful  formulations  as  confirmed  by  an  example. 
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1-lntroduction 

The  PPP  method  [1],  [2]  is  a  novel  numerical  technique  for  electromagnetic  scattering  problems. 
For  modem  computers  with  generous  memory  capacity,  it  is  claimed  to  run  substantially  faster  than 
a  moment  method.  It  can  also  if  needed  be  run  at  low  speed  with  extremely  low  memory 
requirements.  However,  following  an  initial  exposition  of  the  technique  [1]  very  little  further  work 
based  on  it  appears  to  have  been  reported,  whether  by  its  originators  or  others.  The  purpose  of  the 
present  paper  is  to  present  some  new  results  showing  the  method’s  successes  and  limitations  for 
electrically  larger  bodies  than  previously  treated. 


2-Outline  of  the  Method 

As  originally  expounded  in  [1]  and  [2],  the  PPP  method  increases  the  constitutive  parameters  of  the 
scatterer  in  small  steps  from  <j  =  0.,  =  LO  to  their  actual  value.  At  each  stage  the  field  exciting 

the  scatterer  is  approximated  by  the  value  obtained  in  the  previous  step,  and  the  first  step 
corresponds  to  the  Bom  approximation.  At  the  end  of  computation,  and  possibly  at  intermediate 
stages,  iteration  may  also  be  performed  with  constant  values  of  the  parameters  [1].  It  is  noted  in  [1] 
that  stability  may  be  improved  by  removing  the  self  or  diagonal  terms  from  the  coupling  matrix. 

The  simplest  way  of  performing  the  described  PPP  procedure  is  to  approximate  the  domain  of  the 
body  by  means  of  N  small  homogeneous  cubes,  and  to  assume  the  complex  polarisation  vector  P  to 
be  constant  in  every  cube.  We  thus  obtain  the  following  iteration  scheme: 


j=l,2,...,N 

0) 

(2) 

where 
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(3) 


eV 


and  =  ,  k=2,3,...,n.  The  volume  and  surface  charge  densities  \  (j'‘  are  computed 

by  means  of  respectively,  and  the  total  current  density  is 

-jfiR 

given  by  -  jo)  and  g(R)  and  G(R)  can  be  computed  by 

G(j?)  =  -—-—=  ^R),  In  these  equations  p  is  the  ffee-space  phase  coefficient, 

dR  R 

p  =  /^o)  “  model  the  charges  are  represented  by  surface  charges  over  the 

sides  of  the  small  cubes.  The  electric  field  due  to  the  equivalent  source  is  evaluated  as  described  in 
[1]- 

3- Test  Problem 

The  PPP  method  has  been  evaluated  for  a  problem  for  which  a  reliable  solution  can  be  obtained  by 
an  alternative  method,  namely  a  half-wavelength  dipole  antenna  placed  near  a  dielectric  sphere. 
The  current  distribution  in  the  antenna  is  assumed  to  be  sinusoidal  and  to  be  unaffected  by  the 
sphere,  with  unit  rms.  current  at  its  centre.  As  obtained  previously  [5],  the  problem  can  be  solved 
analytically  by  spherical  wave  expansion(generalised  Mie  method).  The  co-ordinate  system  has  the 
sphere  centre  at  x=y=2:=0;  the  antenna  is  parallel  to  the  z  axis  and  its  centre  lies  on  the  positive  x 
axis  at  3  cm  from  the  surface  of  the  sphere.  Comparison  is  made  on  the  basis  of  the  far-field 
radiation  pattern  of  the  whole  structure  in  the  x-y  plane,  and  of  the  rms.  total  electric  field  intensity 
inside  the  scatterers.  We  use  a  sphere  which  is  formed  from  many  cubes,  as  shown  in  Figure  (1).  In 
this  way  we  can  compare  our  PPP  results  with  Mie  method  results. 

4- Numerical  Results 

Fortunately  the  results  are  foimd  to  be  in  excellent  agreement  provided  the  dielectric  electrical 
parameters  are  not  too  large.  The  number  of  iterations  depends  on  the  size  and  electrical  parameters 
of  the  dielectric  (<7,a?) .  We  have  used  these  empirical  equations 


(4) 


(5) 


NIT  = 


(6) 


A 

where  X  ^^e  electrical  parameter  of  the  sphere,  the  radius  of  the  sphere,  D  the  side  of  each 
discrete  cube  and  NIT  the  number  of  iterations.  Five  final  additional  iterations  with  constant 
permittivity  were  performed  in  order  to  improve  the  accuracy  of  calculation  by  allowing  the  field  to 
"catch  up".  For  frequency  l.GHz,  and  a  dielectric  sphere  of  3 A  diameter,  the  Figure  (2)  shows  there 
is  near  perfect  agreement  between  Mie(analytical  method)  and  PPP  numerical  method.  We  also 
calculated  the  perturbation  in  input  impedance  of  the  thin  half-wave  dipole  antenna  as  shown  in 
Figure  (4). 

5- Comparison  with  the  MoM 

For  comparison  of  MoM  and  PPP  methods  from  the  viewpoint  of  time  and  memory,  we  choose  a 
sphere  with  the  parameters:  Radius=5.cm,  permittivity  £  =  3 .,  conductivity  cr  =  0.0  and  number  of 

ceils=485  so  that  the  side  of  each  cubic  cell  is  if  =  We  use  the  MoM  formulation  of  [4]  with 
Gaussian  elimination  method  for  solution  of  the  MoM  matrix  without  using  any  symmetry.  The 
comparison  is  shown  in  table[l].  The  calculation  was  ran  on  a  SUN  SPARC  SERVER  20/712 
computer  system. 

6- Convergence  Properties 

The  conditions  for  the  PPP  method  to  converge  have  not  been  clearly  defined  by  the  method's 
originators.  The  method  has  the  same  convergence  properties  as  solving  the  general  equation: 

X-=AX  +  B  (7) 


by  the  iteration  scheme: 

which  is  equivalent  to: 


(8) 


^  ^  *=0 

It  is  readily  shown  that  series  (9)  is  convergent  if  the  largest  eigenvalue  of  the  operator  A  has 
modulus  less  than  unity.  This  clearly  sets  an  upper  limit  on  the  permittivity  and  the  electrical  size 
of  the  scatterer. 

If  operator  A  has  eigenvalue  unity,  which  must  happen  at  a  complex  value  of  the  frequency,  the 
Equation  (7)  has  a  non-zero  solution  for  B=0,  corresponding  to  an  imforced  resonance  of  the 
scatterer.  For  a  large  permittivity  scatterer,  this  will  imply  that  an  eigenvalue  of  modulus  near  unity 
occurs  at  a  neighbouring  real  value  of  fi-equency.  It  therefore  appears  that  the  method  is 
fundamentally  limited  by  keeping  the  calculation  fi-equency  below  the  first  natural  resonance  of  the 
scatterer. 
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It  can  be  shown  that  the  convergence  situation  can  be  improved  somewhat  by  subtracting  a 
multiple  of  the  unit  matrix  from  operator  A,  and  mserting  a  suitable  scalar  response  coefficient  m 
the  equation.  As  seen  in  Equation  (2),  the  removal  of  the  self  coupling,  as  proposed  in  [1],  is  the 
special  case  of  this  which  sets  the  diagonal  elements  of  A  to  zero.  A  slightly  better  value  may  be 
found  by  examining  the  spectrum  of  the  operator  A. 

7- Conclusioii 

The  PPP  method  can  be  programmed  in  two  versions:  with  low  memory  and  time  consuming,  or 
fast  running  with  high  memory  requirement.  Unfortunately,  two  limitations  on  the  PPP  method 
have  been  discovered  in  the  present  work:  the  size  and  the  permittivity  of  dielectric  body.  For  an 
electrical  size  (diameter)  of  3/1,  we  can  only  use  up  to  1.50.  As  the  size  reduces,  the  larger 
values  of  ^  can  also  be  used.  However,  within  those  limitations,  the  method  has  high 
computational  efficiency. 
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Table  1:  Comparison  of  MoM  and  PPP  Method 


Method 

MoM 

PPP 

Time  (real) 

1:14:07.7 

1:42.3 

Time  (user) 

1:12:19.3 

1:37.8 

Time  (sys) 

4.5 

0.2 

Memory 

i7..5M 

3.3M 

Figure  5;  Distribution  of  E-field  along  three  main  axis  inside  a  dielectric  sphere 
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